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ABSTRACT
Petrogenesis o f the Phase 1 Gabbro-Diorite o f the Mt. Perkins Pluton: 
Implications for the Role o f Mantle-Derived Mafic Magmas in 
Calc-Alkaline Magma Evolution
by
Lisa R. Danielson
Dr. Rodney V. Metcalf, Examination Committee Chair 
Assistant Professor o f Geoscience 
University o f  Nevada, Las Vegas
Mafic magmas play a significant role in the evolution of calc-alkaline magma 
systems in convergent and extensional environments. The Miocene Mt. Perkins pluton, 
northwestern Arizona, was emplaced as a series o f four discrete magma pulses into a 
country rock of Precambrian orthogneiss. Phase 1 is a gabbro-diorite containing four 
rock groups: olivine-clinopyroxene cumulates, homblende-plagioclase cumulates, 
hornblende gabbro, and quartz diorite. Stage one o f phases 2 and 3 evolved by a process 
o f fractional crystallization o f an asthenospheric mantle derived mafic magma and 
magma mixing with an upper crustal granitic magma. Phase 1 magmas evolved by 
fractional crystallization (required by the presence of cumulates) o f an asthenospheric 
mantle derived mafic magma and contamination by an asthenospheric-lithospheric mantle 
derived basaltic magma at depth and the orthogneiss at emplacement level. Phases 1,2,
111
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and 3 share a common asthenospheric mantle derived magma. Mafic mantle derived 
melts are generated continuously throughout magma system evolution.
IV
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CHAPTER 1
INTRODUCTION
Calc-alkaline I-type batholiths generated at convergent margins contribute 
significantly to the growth of continental crust. Granitoid rocks, commonly tonalité and 
granodiorite, are the dominant rock type observed within batholithic belts. However, 
mafic rocks in the form o f early gabbroic plutons, mafic enclaves in granitoid host rocks, 
and syn-plutonic dykes constitute up to 20% of the observable inferred volume o f some 
batholithic belts (Walawender and Smith, 1980). Many models for the generation of 
batholiths treat tonalités as primary magmas formed by partial melting o f a basaltic lower 
crust (Regan, 1985; Silver and Chappell, 1988; Atherton, 1990; Weaver et al., 1990, 
Ayuso and Arth, 1992; Pitcher, 1993). These petrogenetic models focus on the larger 
volumes o f calc-alkaline rocks, downplaying the role o f mafic magmatism, and tend to 
discount the mantle as a potential primary magma source. The lesser significance o f the 
mafic components o f batholiths is typically attributed to arguments of low volume and 
temporal separation, or the mafic components are simply not studied.
One important unanswered question in the petrogenesis o f batholiths deals with 
the relative contribution o f mantle vs. mafic lower crust as a source for mafic magmas 
associated with these batholiths. The recycled crust models suggest intermediate rocks in 
batholithic belts are generated by crustal melts (Regan, 1985; Silver and Chappell, 1988;
I
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Atherton, 1990; Weaver et al., 1990, Ayuso and Arth, 1992; Pitcher, 1993). Mantle-crust 
mixing models suggest intermediate rocks are derived from mantle derived magmas 
which mix with crustal-derived melts. Recent workers have suggested that mantle­
generated mafic magmas play a direct role in batholith petrogenesis (Pichowiak et al., 
1990; Miller and Glazner, 1995; Sisson et al., 1996). If mafic crust represents material 
added to the crust during a previous episode of subduction magmatism then melting of 
mafic crust represents an important though indirect role played by mantle derived mafic 
magmas.
An ideal place to test these models of the petrogenesis o f mafic rocks is the 
Miocene Mt. Perkins pluton, located in northwestern Arizona in the Black Mountain 
range within the northern Colorado River extensional corridor (NCREC), a 100 km wide 
zone o f large magnitude, late-Tertiary extension (Howard and John, 1987). Magmas 
were emplaced in this pluton in four discrete pulses and range in composition from 
olivine-clinopyroxene cumulates to granite (Metcalf et al., 1995). Although the Mt. 
Perkins magma system is interpreted as extension-related (Metcalf et al., 1995), the Mt. 
Perkins pluton shares the typical magma emplacement sequences o f convergent margin 
batholithic belts (Regan, 1985; Pichowiak et al., 1990; Weaver et al., 1990; Miller and 
Glazner, 1995; Sisson et al., 1996). At Mt. Perkins a gabbroic magma was emplaced 
first, followed by more voluminous calc-alkaline magmas o f I-type mineralogy. The 
calc-alkaline phases o f the Mt. Perkins pluton contain mafic enclaves and other magma 
commingling features. The most recent emplacement phase consists o f mafic, 
intermediate, and felsic dikes. Intermediate dikes contain mafic enclaves. The 
intermediate calc-alkaline magmas have been modeled as products o f fiactional
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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crystallization and magma mixing (Metcalf et al., 1995). The calc-alkaline mafic end 
member o f  the Mt. Perkins magmas has *^Sr/“®Sr = 0.70557 and = + 1 2, suggesting an
asthenospheric mantle source (Metcalf et al., 1995).
The Mt. Perkins pluton offers a unique opportunity to study a variety o f 
petrogenetic processes common to larger scale batholithic systems in a small and well 
dated pluton. Thus far the petrogenetic processes responsible for the compositional 
diversity in the calc-alkaline phases o f the Mt. Perkins system include fractional 
crystallization, magma mixing/contamination (Metcalf et al., 1995), accumulation, and 
late stage rock-fluid interaction. However, the role o f the earlier mafic magmatism 
within this system has not been clearly defined. Therefore the purpose o f this study is to 
(1) determine and describe the petrogenetic processes that operated within the mafic suite 
o f the Mt. Perkins pluton, (2) evaluate the possible genetic relationship between the early 
mafic suite and later calc-alkaline suite, and (3) further describe the tectonic processes 
and role o f  the mantle in mafic magmatism within the NCREC and (4) assess the 
correlation o f Mt. Perkins magmatism with convergent margin magma systems.
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CHAPTER 2
REGIONAL GEOLOGY, TECTONICS, AND MAGMATISM
The Miocene Mt. Perkins pluton (15.96±0.06 Ma "’Ar/”Ar biotite age by Faulds et 
al. (1995)) is located in the central portion o f the Black Mountain range in the Northern 
Colorado River Extensional Corridor (NCREC) in the northwestern comer o f Arizona 
(figure 1). Extension in the Mt. Perkins region of the NCREC swept northwards through 
time, beginning at 16 and ending at 11 Ma (Faulds et al., 1995). The eruption of pre- 
extensional, calc-alkaline, intermediate to felsic magma, with lesser volumes o f basaltic 
magma, also progressed northwards fi-om 20 to 14 Ma (Faulds et al., 1995). Waning 
extension between 10 and 6 Ma was accompanied by changes in mafic magma 
compositions which are interpreted to reflect fundamental changes in magma source. 
Magma compositions changed from early intermediate to silicic, accompanied by lesser 
volumes o f basalt, to later basaltic magmas accompanied by bimodal rhyolite and basalt 
sequences, beginning at about 16 Ma (Christensen and Lipman, 1972; Faulds, 1995). 
Pre-to synextensional magmatism is interpreted to be derived from lithospheric mantle 
enriched by pre-Cenozoic subduction (Kempton et al., 1991 ; Feuerbach et al., 1993; 
Faulkner, 1995; Fitton et al., 1995). The transition from lithospheric mantle-derived calc- 
alkaline magmas to asthenospheric mantle-derived alkali basalts plus bimodal sequences 
o f basalt and rhyolite is interpreted to reflect a thinning o f the lithospheric mantle
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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followed by melts from a rising asthenospheric mantle (Kempton et al., 1991; Feuerbach 
et al., 1993; Fitton et al., 1995)
The Mt. Perkins block o f the Black Mountain Range contains a cogenetic suite of 
piutonic, hypabyssal, and volcanic rocks (Faulds et al., 1995). The Mt. Perkins block was 
tilted steeply towards the west, almost 90°, along the Mt. Davis fault during extensional 
faulting and after the onset o f plutonism (Faulds et al., 1995). Faulds et al. (1995) 
suggest
from geochemical data and field relationships that the Mt. Perkins pluton represents a 
subsurface portion o f a magma chamber or conduit associated with a volcanic center 
exposed on the west side o f the Mt. Perkins block. Incompatible trace element and 
isotope data from Faulds et al. (1995) suggest that the volcanic and piutonic rocks on the 
Mt. Perkins block may be cogenetic.
Other Miocene calc-alkaline plutons in the NCREC include Boulder City, Wilson 
Ridge, Aztec Wash, Newberry, Searchlight, and Nelson (figure 1). Mafic magmatism in 
the Wilson Ridge and Aztec wash plutons is expressed as autoliths, enclaves, and dikes 
(Larsen and Smith, 1990; Falkner et al., 1995). Elevated incompatible trace element and 
isotopic compositions from these plutons suggest that the primary mafic magma source 
was the lithospheric mantle (Larsen and Smith, 1990; Falkner et al., 1995). The 
lithospheric derived mafic magma commingled and mixed with felsic magmas of crustal 
origin, producing hybrid rocks o f diorite to granite (Larsen and Smith, 1990; Falkner et 
al., 1995).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 3
GEOLOGY OF THE MT. PERKINS PLUTON
Geology of Phases 2 and 3
The Mt. Perkins pluton is a small (6 km^) complex composite pluton emplaced in 
Precambrian orthogneiss (figure 2). Crosscutting and xenolith relationships show that the 
pluton was emplaced as a series o f four discrete magma pulses or phases. Furthermore 
each phase solidified prior to emplacement o f the next phase (Metcalf et al., 1995). 
Metcalf et al. (1995) suggest that emplacement of the pluton was broadly coeval with 
extension related magmatism.
Phases 2 and 3 geology described in detail by Metcalf et al. (1995), is summarized 
here. Phase 2 is a heterogeneous unit o f intermediate composition. Granodiorite to 
quartz diorite host rocks in phase 2 commonly contain diorite enclaves. Phases 2 and 3 
contain angular xenoliths o f mesoscale phase 1 rocks. Mafic enclaves in phases 2 and 3 
span a range o f  sizes from several millimeters to several meters across. Mafic enclave 
free regions within phase 3 are the most voluminous portions o f the pluton. Phase 3 host 
rocks are biotite granodiorite or granite.
Phases 2 and 3 contain numerous features indicative o f magma commingling among 
mafic, intermediate, and felsic magmas including: (1) numerous mafic microgranitoid 
enclaves exhibiting chilled crenulate margins enclosed in a more felsic host, (2) euhedral
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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(magmatic) hornblende and plagioclase within microgranular enclaves (3) acicular 
apatite crystals in mafic enclaves suggesting rapid undercooling o f  mafic magma, and (4) 
isotopic disequilibrium between the enclaves and the host rocks. The preservation of 
these commingling features and the lack o f  any advanced mixing features suggest that 
magma commingling occurred at the level o f emplacement. Fine grained diorite enclaves 
comprise 30 to 70% o f outcrops of fine to medium grained quartz diorite to granite. 
Enclaves also are present within host granitoid rocks as millimeter to centimeter sized 
micro-enclaves similar in composition to larger adjacent meter sized enclaves.
Phase 1 o f the Mt. Perkins pluton was emplaced and solidified prior to 
emplacement o f later phases (Metcalf et al., 1995). In some locations the contact between 
the Precambrian orthogneiss and the phase 1 gabbro is cut by phases 2 and 3 (Metcalf et 
al., 1995). Angular xenoliths of phase 1 gabbro are found within both the phase 2 
granodiorite and the phase 3 granite. Some o f the larger blocks o f phase 1 (10 to 100 m 
size), which in map view appear to be entirely contained within phase 3, may be either 
large xenoliths or cross-cut exposures o f  phase 1 which are coimected to the main body of 
phase 1 beneath phase 3.
Phase 3 was dated by Faulds et al. (1995) using dating techniques on
biotite mineral separates at 15.96 ± 0.06 Ma. Although it is certain that phase 1 predates 
phases 2 through 4, the absolute emplacement age o f  phase 1 is unknown. The minimum 
amount by which phase 1 predates the later phases may be estimated because field 
evidence shows that crystallization and solidification o f phase 1 occurred prior to the 
emplacement o f later phases (discussed in Chapter 5). Using the Brandeis and Jaupart 
(1987) equations for crystallization time of a magma chamber (Appendix A), the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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estimated minimum time that phase 1 was emplaced before phases 2 and 3 is between 4 
and 32,000 years. This amount of time is within the uncertainty o f the '‘^ Ar/^^Ar date 
obtained for phase 3.
Geochemical data provide some further constraints on the timing of phase 1 
emplacement. The earliest magmatism recorded in the Mt. Perkins block, a basalt flow 
which may be chemically correlated with phase 1 of the pluton, was dated using ^OAr/^^Ar 
at 19.9 ± 0.5 Ma (Faulds et al., 1995). Thus, from the geochemical and field evidence, it 
is likely that phase 1 was emplaced between 19.9 and 15.96 Ma.
Geology of Phase 1
Field Observations
Phase 1 rocks range in composition from gabbro (the bulk of phase 1 ) to quartz 
diorite. Compositional variation on a mesoscopic scale, between gabbroic and dioritic 
rocks, is gradational. Angular xenoliths as well as rare, centimeter sized, partially melted 
xenoliths o f Precambrian country rock occur near the southwestern Precambrian-phase 1 
gabbro contact. Phase 1 generally becomes more dioritic toward the north (figure 3). The 
gabbros have been divided into three groups based in mineralogy and chemistry 
(discussed in the petrography and whole rock chemistry sections), olivine-clinopyroxene 
gabbro cumulates, homblende-plagioclase gabbro cumulates, and hornblende gabbro.
Layered cumulate gabbroic rocks are present in the southern portion o f phase 1 
(figures 3 and 4). Layering is defined by grain alignment and alternating bands o f
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Figure 4. Field photographs o f laying in phase I . White bands are 
plagioclase-rich zones. Dark bands are hornblende-rich zones. 
Olivine, magnetite, and clinopyroxene are also common in the 
hornblende-rich zones.
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plagioclase-rich and mafic mineral-rich (hornblende and magnetite in the homblende- 
plagioclase cumulates) zones. Plagioclase-rich layers are fine to medium grained. Mafic 
mineral layers are commonly fine grained. A well-defined mineralogical boundary 
commonly separates mafic mineral layers from plagioclase rich layers. Where the mafic 
mineral layers do not clearly show a mineralogical boundary, layering is expressed as 
weakly aligned hornblende megacrysts (some olivine-clinopyroxene cumulates).
Layering in the southern most outcrop of phase 1 follows the general shape o f the 
Precambrian- phase 1 contact (figure 3).
Petrography
Pétrographie analyses were conducted on 28 samples firom phase 1. Mineral 
modes were visually estimated. Two different types o f cumulates have been recognized 
based on field observations, textural features, mineralogy, and chemistry, these are ( 1 ) 
olivine-clinopyroxene-magnetite-plagioclase gabbro cumulates (olivine-clinopyroxene 
cumulates) (figure 5) and (2) homblende-magnetite-p lagioc lase gabbro cumulates 
(homblende-plagioclase cumulates). Phlogopite occurs in small amounts (<S% modal) as 
a cumulus phase in olivine-clinopyroxene cumulates. Other rocks in phase 1 are 
isotropic, i.e. they do not exhibit clear textural or chemical features o f cumulates (figure 
6 ). Mineral alteration occurs in all rock groups as sericitized plagioclase, fine grained 
hornblende (actinolitic) replacing pyroxene, and hornblende replaced by actinolite, and/or 
chlorite. Chlorite and epidote replacing hornblende, and sericite replacing plagioclase 
represent late stage mineralization associated with hydrothermal fluid circulation. Based
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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2  mm
direction o f plagioclase alignment
Figure 5. Photomicrograph o f olivine-clinopyroxene cumulate, 
showing megacrystic hornblende and plagioclase alignment. 
Hornblende overgrows magnetite, olivine, and plagioclase.
Hbl = hornblende, olv = olivine, plag = plagioclase, mt = magnetite.
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hornblende maegacryst
Figure 6 . Field photograph o f hornblende gabbro. Hornblende 
megacrysts are dark spots and show no alignment.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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on inclusion-host and reaction relationships o f grains the general order o f crystallization 
for the mafic suite appears to be magnetite (± sphene) + olivine + clinopyroxene + 
phlogopite + plagioclase (An<,,) followed by hornblende + plagioclase (An,,,) + 
orthopyroxene.
The olivine-clinopyroxene cumulates are medium to coarse grained 
hypidiomorphic granular in texture (figure 4). Alignment o f hornblende and plagioclase 
grains occurs in all olivine-bearing rocks. Hornblende megacrysts (up to 2 cm in size) 
poikilitically enclose olivine, clinopyroxene, orthopyroxene magnetite, sphene, 
phlogopite, and plagioclase. The anhydrous phases, olivine, pyroxene, magnetite, 
sphene, and plagioclase are overgrown by the hydrous phase, hornblende. Enclosed 
olivine, clinopyroxene, and plagioclase are commonly anhedral and appear to be resorbed 
by hornblende. Chlorite and epidote replace hornblende. Hornblende also rims olivine 
and clino- and orthopyroxene. Within clinopyroxene, magnetite occurs as fine grained 
blebs on the outer grain rim. Orthopyroxene occurs adjacent to or partially rimming 
olivine. Subhedral plagioclase is commonly zoned (normal or oscillatory). Quartz and 
plagioclase in hornblende gabbro and quartz diorite are myrmekitic. The layering, 
aligned plagioclase, zoned plagioclase, and poikiltic texture suggest these rocks are 
cumulates. The olivine bearing rocks are best described as orthocumulates, where 
olivine, clinopyroxene, orthopyroxene, magnetite, calcic plagioclase, hornblende are the 
cumulus phases and more sodic plagioclase and hornblende are the intercumulus phases. 
Hornblende compositions are discussed in Chapter 4.
Homblende-plagioclase cumulates contain more than 50% modal hornblende, less 
than 50% modal plagioclase, and more than 5% modal magnetite. These rocks are
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medium grained hypidiomorphic granular in texture and show mineral alignment of 
plagioclase and hornblende. Megacrystic hornblende encloses plagioclase, sphene, and 
magnetite. Magnetite, sphene, and plagioclase are overgrown by hornblende. 
Homblende-plagioclase cumulates are also orthocumulates where magnetite, sphene, and 
plagioclase are the cumulus phases and hornblende, plagioclase, and less commonly 
quartz are the intercumulus phases.
Hornblende gabbro contains abundant plagioclase (>50%) and less than 50 to 
40% mafic minerals and exhibit fine to coarse grained isotropic hypidiomorphic granular 
texture. Sphene, magnetite, and plagioclase commonly are overgrown and poikilitically 
enclosed by hornblende megacrysts. Hornblende gabbro may be distinguished from 
cumulates by more abimdant plagioclase, the occurrence o f hornblende less frequently as 
oikocrysts, smaller grain size of hornblende, lack of olivine or pyroxenes, greater 
amounts o f quartz, commonly 1-5%, and lack of mineral alignment at any scale.
Two samples o f phase 1 rocks are quartz diorites. These rocks show no layering 
and contain no megacrystic hornblende. Major minerals include plagioclase (>60%), 
hornblende (<15%), opaque oxides (<5 %), quartz (<15%), and biotite (<10%).
Secondary minerals include chlorite and epidote. Sphene occurs as an accessory mineral. 
These rocks are medium grained hypidiomorphic granular in texture. An apparent 
reaction relationship with orthopyroxene rimmed by hornblende was observed in a 
quartz-diorite differentiate (figure 7).
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f
2.5 mm
Figure 7. Photomicrograph of orthopyroxene, rimmed by hornblende in 
sample 966-5, a quartz diorite. Opx = orthopyroxene, hbl = hornblende, 
plag = plagioclase, qtz = quartz.
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CHAPTER 4
WHOLE-ROCK AND MINERAL GEOCHEMISTRY
Analytical Methods
Twenty-five samples (22 this study) were collected for chemical analyses from 
within phase 1 o f  the Mt. Perkins piuton (tables 1 and 2). Macroscopically heterogeneous 
(layered) cumulate samples were divided such that analyses were performed on a section 
o f rock representative o f each internally homogeneous layer (966-8, 966-8L, 966-1 IF, 
966-1IM). Heavily altered samples were omitted from the analysis suite. Whole-rock 
samples were analyzed for major and trace elements using x-ray fluorescence 
spectrometry (XRF) at the University of Nevada, Las Vegas. The multi-element 
standards BHVO-1, MAG-1, NBS-6 8 8  and AGV-1 were used as internal standards. 
Seventeen samples were analyzed for trace elements at the Geo Analytical Laboratory at 
Washington State University by inductively coupled plasma mass spectrometer (ICP- 
MS). Fourteen samples were analyzed for Nd, Sr, and Pb isotopes at the University o f 
Kansas using procedures described in Feuerbach et al. (1993). Mineral analyses on six 
samples were collected on a JEOL 733 electron microprobe at the University o f New 
Mexico. Data were collected using an Oxford-Links energy dispersive spectrometer. 
Natural silicate minerals were used as calibration standards. Operating conditions were 
IS kilovolts and 2 0  nanoamps beam current.
19
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Whole-Rock Major and Trace Elements
Phase 1 may be divided into four groups based on combined field, pétrographie, 
and geochemical data, ( 1) olivine-clinopyroxene cumulates, (2 ) homblende-plagioclase 
cumulates, (3) hornblende gabbro (isotropic), and (4) quartz diorite. Criteria used to 
identify cumulates are discussed in the Petrography section in Chapter 3, in the chemistry 
section below, the Mineral Chemistry section in this chapter, and are summarized in the 
introduction o f Chapter 5.
Olivine-clinopyroxene cumulate samples are the most enriched in compatible 
elements, MgO (8.07 wt % to 21.89 wt %), Ni (104 to 926 ppm), Cr (221 to 1729 ppm), 
and Sc (37 to 42 ppm) (figures 8 and 9, table 2). Olivine-clinopyroxene cumulates 
contain the lowest abundances of incompatible elements, Sr (264 to 838 ppm) Ba (267 to 
468 ppm), Zr (80 to 143 ppm), and less than 30 ppm for all others (table 2).
Homblende-plagioclase cumulates show different chemical variability in major 
element values than the olivine-clinopyroxene cumulates in TiOi, FeO, KiO, Na^O, and 
PiOg (figure 8 ). Homblende-plagioclase cumulates are more enriched in ALO] (14.44 to 
23.07 wt %), FeO (4.83 to 17.36 wt %), P^O, (0.12 to 0.972 wt %), TiO, (0.62 to 2.96 wt 
%), and incompatible elements (Hf, Ce, Eu, Sm, and Zr) than the olivine-clinopyroxene 
cumulates (figures 8 and 9). In general the homblende-plagioclase cumulates are similar 
in trace element abundances to hornblende gabbro (figures 8 and 9).
Homblende gabbro overlaps the homblende-plagioclase cumulates in major 
element chemistry. Hornblende gabbro shows more major element variability in AI2O3, 
CaO, K2O, and Na2 0  than the two cumulate rock types o f phase 1 (figure 8 ). Homblende
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gabbro is more enriched in incompatible trace elements (Zr, Hf, Sm, Ce, Ba, and Eu) than 
the olivine-clinopyroxene cumulates (figures 8 and 9).
Quartz diorite is the most silica rich (about 56 wt % SiOi) rock o f the phase 1 
suite. Quartz diorite follows the same trends in phases 2 and 3 rocks for A1,0„ FeO, and 
MgO. In trace elements quartz diorite is similar in abundances to hornblende gabbro.
The quartz diorite samples do not seem to be part o f any trends for other major elements 
and all trace elements within the Mt. Perkins suites (figures 8 and 9). However, there are 
only two quartz diorite samples and therefore trends associated with quartz diorite in 
phase lare not well represented.
The mafic rocks o f phase 1 form a continuous suite o f compositions from 41.99 to 
56.5 wt % Si0 2  (figure 8 ). Compared to mafic phases 2 and 3 rocks, phase 1 rocks show 
more variability in major elements, most notably apparent in TiO? and PiOg. Enrichment 
in compatible elements such as MgO, Cr, and Ni further support the interpretation that 
the phase 1 suite contains cumulates. The two cumulate types, olivine-clinopyroxene 
cumulates and homblende-plagioclase cumulates, form distinctly separate trends in major 
and trace elements. Olivine-clinopyroxene cumulates show decreasing elemental 
abundances with increasing silica for elements compatible with olivine and clinopyroxene 
(FeO, MgO, and Cr). Homblende plagioclase cumulates show decreasing elemental 
abundance with increasing silica for FeO, MgO, PiOj, CaO, TiO„ Sr, Ce, Eu, Sm, and Zr. 
There is a compositional overlap between the mafic end member o f phase 2 and 3 rocks 
and phase 1 hornblende gabbro and quartz diorite data for MgO, Al,Oj, FeO, Sr, Cr, and 
Ba.
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Phase 1 homblende gabbro shows relatively constant TiO,, P ,0;, N a,0, CaO, Sr, 
Ce, Nd, Sm, and Eu concentrations ail at relatively constant (about 50 wt %) SiO,
(figures 8 ,9 , and 10). Data trends consistent throughout the trace elements which overlap 
phase 1 with phases 2 and 3 data are not apparent. However, phase 1 rocks show similar 
trace element spider diagram patterns as phase 2 and 3 mafic end member (figure 11). In 
general the olivine-clinopyroxene cumulates are more depleted in rare earth elements 
(REE's) than the homblende-plagioclase cumulates (figures 8 ,9 , and 11 ). Phase 1 
cumulates are enriched in compatible elements. Ni (< 926 ppm), Cr (< 1729 ppm), and Sc 
(< 55 ppm), reflecting olivine and clinopyroxene accumulation, relative to phases 2 and 3.
Whole-Rock Isotopes
Two isotopic trends are apparent in phase 1 rocks, an olivine-clinopyroxene trend 
and a homblende gabbro trend (figures 12 and 13). Olivine-clinopyroxene cumulate 
samples show less isotopic variation than the other phase 1 rocks for the Sr and Nd 
isotopes, with e^d values from -4.5 to -7, ^'*Pb/‘°*Pb from 18.0 to 18.6, and *’Sr/*^Sr fi-om 
0.070034 to 0.707877 (figures 12 and 13). Olivine-clinopyroxene cumulates show 
increasing E^ d, *“ Pb/^“ Pb, and *’Sr/**Sr with increasing SiO%. The olivine-clinopyroxene 
isotopic trend intersects the homblende gabbro isotopic trends.
Homblende gabbro samples have the most variation in isotopic values o f any 
phase 1 group, with G^ d values from -3.17 to -12.9, *’Sr/*®Sr from 0.707288 to 0.709146, 
and 206p5/204pb from 17.906 to 18.649 (figures 12 and 13). Variation in G j^ and "Sr/^"Sr
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occur at nearly constant SiO, and •“ Pb/^‘”Pb. Within homblende gabbro there is no other 
simple covariation between isotopic values and major element chemistry. Phase 2 and 3 
rocks seem to share a  common point o f origin with homblende gabbro trends at high 
(0), low " S r^ S r  (0.706), and moderate *“ Pb/"”Pb (18.3).
The relationship o f other homblende plagioclase cumulates and quartz diorite to 
the trends mentioned above is not clear. Homblende-plagioclase cumulate samples 
resemble olivine-clinopyroxene cumulate samples, in E^ d (-4.99, -6.19), *^ Sr/*‘’Sr 
(0.70747, 0.708233), and Pb (207py/204pb 15 .5 7 2 , 15 .5 7 5  and 206py/204pb ig.269,
18.109) (figures 12 and 13). Epsilon Nd and ^^Sr/^"Sr values for the quartz diorite samples 
show variation similar to that observed in the homblende gabbro samples, with E^ d values
of -1.43 and -9.12 and *’Sr/*‘Sr o f 0.708127 and 0.709468 (figure 12). Pb isotopes for the 
quartz diorite samples are similar to each other, with 207pb/204pij o f 15.579 to 15.588 and 
206pb/204pb of 17.99 to 18.603 (figure 13).
Mineral Chemistry
Olivine, clinopyroxene, orthopyroxene, amphibole, and plagioclase grains in 
olivine-clinopyroxene cumulates, a homblende-plagioclase cumulate, a quartz diorite, 
and a phase 2 mafic enclave were analyzed (table 3). These minerals were selected 
because they are the most common cumulate phases. The chemical variation within 
single grains suggests crystallization fi*om an evolving liquid and therefore further 
supports the interpretation that the phase 1 suite contains ciunulates.
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In the olivine-clinopyroxene cumulates (samples 966-13 and 927-4) olivine varies 
from Fogi to Fog3 for sample 966-13 and from F072 Fogg for sample 927-4 (figure 
14a). Calcic pyroxene is present in all three olivine cumulate samples but enstatite (£ 0^3, 
£073, and £n7g) was found in only the less mafic samples, 927-4 and 961-1 (figure 14b). 
Plagioclase from sample 927-4 and sample 961-1 ranges from Ang, to Ang^ and An^7 to 
An79 respectively; chemical variation from a single grain spans this entire range (figure 
14c). Homblende in olivine clinopyroxene cumulates is commonly MgO ( 14 to 27 wt %) 
and CaO (11 to 23 wt %) rich (table 3).
Fine grained calcic pyroxene was foimd in a homblende-plagioclase cumulate, 
966-9 (figure 14b). This calcic pyroxene is associated with homblende. Plagioclase 
within this sample varies from An^7 to An7ç; chemical variation from a single grain spans 
this entire range (figure 14c). Homblende in homblende-plagioclase cumulates is 
commonly enriched in FeO (12 to 16 wt %), and slightly enriched in NtuO ( 1 to 3 wt %) 
and TiO; (2 to 5 wt %) (table 3). Pyroxene mineral chemistry for the olivine- 
clinopyroxene and homblende-plagioclase cumulates is similar to analyses obtained from 
a phase 2  mafic enclave, showing overlap in the augite field in figure 14b.
Orthopyroxene rimmed by homblende was analyzed in the quartz diorite sample, 
966-5. Both orthopyroxene (£ngg and £n7 i) and clinopyroxene are present in this sample 
(figure 14b). Plagioclase in the differentiate ranges from An?, to An7g, the largest range 
for any rock group. Chemical variation in a single grain spans the range A1145 to An?^ 
(figure 14c).
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CHAPTER 5
PETROGENETIC PROCESSES 
Introduction
Several features of the data described in Chapter 4 suggest that phase 1 had a 
complex petrogenetic history. A complete petrogenetic history must explain (1) the 
presence o f cumulates, (2 ) the major and trace element trends o f the olivine- 
clinopyroxene cumulates, homblende-plagioclase cumulates, and homblende gabbro, and 
(3) the isotopic variation in the phase 1 suite. Potential processes that could explain the 
data are fractional crystallization (closed system process), magma mixing/assimilation 
(open system processes), or a combination o f both (open system processes).
The presence of cumulates at the current exposure level indicates that the phase 1 
parental magma imderwent some degree o f in situ liquid-solid segregation. Phase 1 rocks 
identified as cumulates possess all o f the following properties based on criteria after 
Miller and Glazner (1995): (1) layering of cumulate minerals (usually plagioclase) (figure 
3), (2) poikilitic texture of olivine/pyroxene and homblende (figure 5), (3) enrichment in 
compatible elements, specifically high AI2O3 content, 14-23 wt % for homblende- 
plagioclase cumulates (compared to Al-rich basalt, typically < 20 wt % AI2O3), MgO (8 
to 22 wt %) for olivine-clinopyroxene cumulates, Cr (221 to 1729 ppm), and Ni (104 to 
926 ppm), and (4) low abundances o f incompatible elements, Ba, Ce, Hf, Sm, and Zr
32
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(figures 9 and 11). Compositional variation in the solid solution minerals (olivine, 
pyroxene, and plagioclase) reflects evolving liquid compositions during crystallization. 
The presence o f  two types o f cumulates and resorption o f anhydrous minerals (magnetite, 
olivine, clinopyroxene, and plagioclase) and reaction of olivine to form orthopyroxene in 
olivine-clinopyroxene cumulates, suggest an evolving liquid composition (figures 5, 7, 
and 12). The variation in isotopic compositions suggest that phase 1 parental magma was 
contaminated (figures 12 and 13).
Any model o f petrogenesis for the phase 1 rocks must take into account the 
presence o f cumulates, homblende gabbro, and quartz diorite. Thus the relative 
compositional contributions o f the residual solids to residual liquids must be assessed for 
each sample. However the original acciunulation process has been overprinted by the 
homblende megacryst forming event which occurred during crystal segregation. In 
addition, the defining boimdary between cumulates and homblende gabbro is somewhat 
difficult to establish because plagioclase and homblende occur as both cumulate and 
inter-cumulus minerals, in both cases with similar compositions and textures. Thus the 
cumulate/non-cumulate boundary is based as much on chemical differences as on textiu-al 
differences. The fact that the homblende gabbro shows isotopic variation suggests that 
the homblende gabbro does not represent a single primary mafic magma (figures 12 and 
13). These factors add complexity to developing a petrogenetic model for phase 1 rocks.
Evidence of Fractional Crystallization
Simple firactional crystallization is a potential mechanism for producing the some 
o f the compositional variation observed within the phase 1 rocks, with some samples
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approximating accumulated crystal fractions and others approximating evolved liquids. 
The presence o f cumulates requires that some solid-liquid segregation occurred. 
Furthermore the presence o f two types of cumulates suggests that the phases (and 
proportions o f phases) removed changed during the crystallization process o f phase 1. 
Also the variation in mineral chemistry o f the solid solution minerals olivine, pyroxene, 
and plagioclase suggest these minerals were crystallized from a chemically evolving 
liquid.
Textures and Magma Evolution
Resorption and reaction textures are found throughout phase 1 rocks and 
resorption textures are especially common in cumulates and homblende gabbro (samples, 
961-1,965-1, 965-2,966-9, 966-10, 927-4,969-1, and 969-6). Homblende encloses and 
overgrows olivine, orthopyroxene, and clinopyroxene (figures 5 and 7). These textures 
suggest that anhydrous mineral phases were resorbed by the hydrous magma which then 
crystallized as an overgrowth o f  homblende. Reaction textures involving overgrowth of 
orthopyroxene on olivine were found in olivine-clinopyroxene cumulates (figure 5). The 
fact that orthopyroxene is associated with olivine in the cumulates suggests that a reaction 
o f the type
(Mg, Fe)jSiO^ + SiOj 2 (Mg, Fe)SiO^ 
occurred during fractional crystallization. This reaction could have been in response to 
the influx o f a more silicic magma into the crystallizing magma chamber. Altematively, 
simple closed system processes could have produced these textures. The possible
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mechanisms which could have produced these textures in a closed system during 
crystallization are discussed below.
Pressure Effects
Grains in an ascending crystallizing magma could show reaction textures. As 
pressure decreases below 0.5 GPa (corresponding to a depth o f approximately 16 km) the 
eutectic in the enstatite-fosterite field changes to a peritectic along the enstatite liquidus 
(Philpotts, 1990, pp. 155-158). During depressurization o f the magma, olivine could 
react with surrounding melt to form orthopyroxene depending on the composition and 
temperature o f the ascending magma. Water solubility in magmas is a function of 
pressure (Philpotts, 1990, p. 194). Thus a magma which experiences a decrease in 
presstu"e can become water saturated and begin to crystallize hydrous phases.
Fractional Crvstallization of Hvdrous Magma 
Workers such as Grove and Doimelly-Nolan (1986) Blundy and Sparks (1992), 
and Sisson and Grove (1993) investigating the crystallization history o f hydrous basaltic 
magmas (4-6 wt % H ,0) have determined experimentally that the olivine-orthopyroxene 
reaction can occur within an evolving magma system. Olivine, clinopyroxene, calcic 
plagioclase, and a spinel phase crystallize first. At lower temperatures olivine and 
clinopyroxene become unstable and react with the evolving silicic magma to form 
orthopyroxene + homblende. Subsequent crystallizing phases are hornblende and 
plagioclase. Textures produced by these experiments are similar to those observed within 
phase 1 cumulates and homblende gabbro.
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An estimate o f the depth of emplacement o f cumulate rocks o f phase 1 may be 
obtained using the order of crystallization of mineral phases from a pressure-temperature 
phase diagram in order to evaluate the mechanisms capable of producing the observed 
textures (figure 15). Blundy and Sparks (1992) described phase relationships for 
crystallization o f a water saturated olivine tholeiite melt. Above 2.6 kb the order of 
crystallization is magnetite-olivine-clinopyroxene-homblende-plagioclase. Below 2.6 kb 
the order o f plagioclase and homblende are reversed. The relevant sequence of 
crystallization for the phase 1 gabbro is magnetite-o livine-c linopyroxene-plagioc lase- 
homblende. Thus the upper limit o f pressure at which crystallization took place is about 
2.6 kb. The corresponding limit o f depth of emplacement is about 9.6 km, which is 
within the uncertainty limits o f the depth for phases 2 and 3 given by Metcalf et al.
(1995) o f  7.5 ±  2.2 km based on Al-in-homblende geobarometry.
Fractional crystallization is the preferred method of producing the observed 
textures. The presence of phlogopite (determined from microprobe analyses) suggests 
that the magma was initially crystallizing small amounts o f hydrous phases. This, in tum, 
implies that the phase 1 magma was already at pressure-temperature conditions 
conducive to crystallization o f  hydrous phases. If the calculated depth o f crystallization 
(9.6 km) does reflect a maximum upper limit o f crystallization depth, then it is unlikely 
that crystallization occurred during ascent through the pressure boundary at 0.5 GPa ( 16 
km). The observed sequence of crystallization and reaction relationships recorded by
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olivine-clinopyroxene and homblende-plagioclase cumulates therefore probably reflects 
simple in situ cooling of a hydrous basaltic magma.
Evidence of Open System Processes
Fractional crystallization alone is insufficient to explain all the chemical and 
textural variation observed in phase 1 rocks. The two isotopic trends produced by 
olivine-clinopyroxene cumulates and homblende gabbro are consistent for Nd, Sr, and Pb 
isotopes (figures 12 and 13). These separate trends require two end members per trend, 
suggesting possibly four isotopic reservoirs. The phase 1 primary magma was probably 
contaminated (or underwent magma mixing) early in magma system evolution. Trends in 
Snj and 206pb/204p5 values suggest that the phase 1 primary magma was contaminated by
assimilation or underwent magma mixing.
The two trends apparent in figures 12 and 13, suggest the presence of two mafic 
end members. The olivine-clinopyroxene cumulates comprise one isotopic trend from 
decreasing values of 2°6pb/204pjj ^^d 8^ ,^ and increasing *^Sr/“ Sr. Homblende diorite and 
quartz diorite comprise a separate trend of relatively constant 206p5/204pb ^^d decreasing 
Gxd values. It is not clear whether the homblende-plagioclase cumulates follow the
olivine-clinopyroxene trend or the homblende gabbro trend. All the isotopic variations in 
homblende gabbro contain relatively constant SiO; values (figure 12).
Petrogenetic Evolution
Simple firactional crystallization was tested (1) as a method for producing trends 
in major element compositions within homblende gabbro, (2 ) to determine whether or not
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quartz diorite samples represent residual liquids, and (3) to investigate the possibility of 
an overlapping fractional crystallization trend within phase 1 rocks with the fractional 
crystallization trend within phase 2 and 3 rocks (table 4). The model involved two sets of 
crystallizing phases corresponding to the olivine-clinopyroxene and homblende- 
plagioclase cumulates. Sample 961-1 was chosen as a representative parental magma for 
the olivine-clinopyroxene cumulate trend because it has little olivine (<0.5 modal %), 
high MgO (10.37 wt %) and Cr (177 ppm), and largely lacks cumulate textures. Sample 
966-1 was chosen as the differentiation product o f olivine-clinopyroxene cumulate 
removal from 961-1 and a representative parental magma for the homblende-plagioclase 
cumulate removal portion of the model and because it represents a median o f composition 
for the hornblende gabbro. Sample 966-3 was chosen as a differentiation product of 
homblende-plagioclase cumulate removal from sample 966-1 because sample 966-3 is 
the most differentiated sample of the phase 1 magmatic suite. When possible mineral 
compositions in the cumulates obtained from microprobe analyses were used as the solid 
fractions removed. The composition o f magnetite is taken from Deer et al. (1972). Using 
simple mass balance equations (Stormer and Nicholls, 1978) in a spreadsheet format, the 
amounts o f fractionated minerals (olivine, magnetite, clinopyroxene, plagioclase and 
hornblende) were varied. The possible outcomes of the numerical simulation were 
constrained by the value of the sum of the squares o f the residuals (ideally R < 10) and 
the proportions o f  mineral phases observed within the cumulates.
The best fit to the numerical simulations and observed mineral proportions is a 
two stage fractional crystallization model. The best fit to the numerical simulation for 
stage one firactional crystallization involves the removal o f olivine ( 1.1 %), magnetite (<
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1 %), clinopyroxene (29 %), hornblende (23 %), and plagioclase (17 %). The best fit for 
stage two fractional crystallization is the removal o f hornblende (17%), plagioclase (2 %), 
and magnetite (7%). Stage one fractional crystallization requires 70% of the mass o f  the 
magma to be removed as solid phases which seems prohibitively large. Also the sum of 
the squares o f the residuals for stage one is large, R = 10.81. This suggests that either 
sample 961-1 does not represent the olivine-clinopyroxene cumulate parental magma or 
fractional crystallization, though operative, was not the dominant process in magma 
diversification. For stage two fractional crystallization, R = 4.6 and 26 % o f the mass of 
the magma is removed as solid phases. Stage two o f the fractional crystallization 
simulation above overlaps the stage one magma mixing and fractional crystallization 
model proposed by Metcalf et al. (1995) for evolution of phases 2 and 3. The values of 
percent phases removed for phases 2 and 3 compare favorably with the values for the 
stage two fractional crystallization o f phase 1.
Magma mixing or assimilation is required to explain the variation in Sr, Nd, and 
Pb isotopic compositions (figures 12 and 13). All rock groups from the phase 1 suite 
show some degree o f isotopic variation. Variation in *’Sr/*‘Sr and E^ d in hornblende 
gabbro is correlated with variations in TiO;, PjOj, CaO, LREE’s, Ce, Nd, Sm, and Eu at 
relatively constant SiO,. Clearly the trends within hornblende gabbro can not be created 
by the removal o f cumulate compositions (figure 10). Therefore magma 
mixing/assimilation was likely a  an important contributing process which produced the 
chemical variation in hornblende gabbro at constant silica.
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Sources and Contamination of Phase 1 Magmas
The effects o f  the open system processes described above, mask the character of 
the primary magma source for phase 1 and make the determination o f the relative timing 
o f the contamination events during the differentiation process more difficult. The 
isotopic variation in cumulates suggests that fractional crystallization was accompanied 
by open system processes (figure 12 and 13). Additionally the Sr isotopic data for the 
phase 1 suite are not well understood and it is possible that the phase 1 suite was 
uniformly enriched in *’Sr/*®Sr. This may account for the observation that hornblende 
gabbro and cumulate samples do not intersect the phases 2 and 3 ’ S^r/^ ’^Sr trend at the 
mafic end member, as expected, and quartz diorite values lie above phases 2 and 3 values 
(figure 12).
Olivine clinopyroxene cumulates and hornblende gabbro form different iso topic 
trends, suggesting four different isotopic reservoirs were involved (figures 12 and 13). 
One reservoir, for olivine-clinopyroxene cumulates, appears to be a mafic OIB, as 
suggested by high and trace element spider diagrams (figures 11 and 12), 
asthenospheric mantle-derived source, greater than -3.6 s^d and 18.6 206py/204py j^ e  
second mafic end member for the olivine-clinopyroxene cumulates appears to be a source 
less than -7 G^ d and 18.0 -06py/204py For hornblende gabbro one reservoir appears to be
a mafic OIB, as suggested by high G^ d and trace element spider diagrams (figures 11 and 
12), asthenospheric mantle-derived magma, greater than -1.4 G^ d and between 18.0 and 
18.2 206pb/204pb. The second hornblende gabbro reservoir appears to be a source less 
than -12.9 G^ d and between 17.9 and 18.2 206py/204py
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Candidates for end members include mafic mantle-derived rocks o f 16 to 20 Ma 
age in the NCREC and the surrounding country rock of the pluton, the Precambrian 
orthogneiss. At this time no rocks thought to represent the mafic end members for the 
phase 1 rocks have been identified. The parental magmas (the first reservoirs for both the 
olivine-clinopyroxene cumulate and hornblende gabbro trends) appear to be 
asthenospheric mantle derived melts o f differing isotopic compositions, based on isotopic 
compositions and trace element spider diagrams.
Some samples o f Dolan Springs basalt (DSb) (McDaniel, 1995) fall within the 
range o f isotopic compositions (-7.87 to -10.69 E^ d and 17.39 to 17.74 206pb/204pb)
required for the second mafic end member for the olivine-clinopyroxene cumulate trend. 
DSb rocks represent mixing of asthenospheric and lithospheric mantle sources (figure 
16). Although the DSb magmas are approximately 6  Ma younger than the Mt. Perkins 
magmas, they represent a good candidate for the magma composition needed as an 
additional source component because they are compositionally similar to hornblende 
gabbro in the Mt. Perkins suite and indicate that the NCREC mantle is capable of
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olivine-clinopyroxene cumulate trend. Solid line indicates hornblende gabbro trend. 
Solid grey line indicates phase 2 and 3 trend.
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producing the types o f  magmas required to explain the observed contamination trends in 
the phase 1 suite.
The country rock represents a good second end member for contamination o f the 
hornblende gabbro parental magma. The isotopic composition o f the Precambrian 
orthogneiss probably lies within the field for Proterozoic rocks o f Arizona (less than -13.5 
G^ d and greater than 17.0 206pb/204pb) given by DePaolo and Wasserburg (1979) and
Bennett and DePaolo (1987). Figure 17 shows that increasing Pb corresponds to 
decreasing 206pb/204py Assimilation o f small amounts of orthogneiss could change the 
isotopic composition o f the hornblende gabbro parental magma without changing the 
major element chemistry significantly because the phase 1 suite is depleted in 
incompatible elements.
A Proposed Petrogenetic Model
Isotopic and trace element compositions (figures 7, 8 , 9, and 10) suggest that the 
phase 1 parental magmas were derived firom an OIB-like mantle source. The exact 
primary magma composition is not known. An asthenospheric mantle-derived melt was 
then contaminated by a  basalt or mixed with a basaltic magma represented by a second 
mantle-derived source (like DSb) (figure 16). Contamination o f the first mafic parental 
magma continued during emplacement and fictional crystallization, producing the 
olivine-clinopyroxene cumulate trends (figure 10, 12, and 16). The fact that the 
homblende gabbro isotopic trends require different reservoirs than the olivine- 
clinopyroxene trends and the lack o f fractional crystallization trends in major and trace
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elements o f the phase 1 suite suggest that the homblende gabbro samples represent 
neither the parental magma nor the residual liquid compositions of the olivine- 
clinopyroxene trend. Therefore the residual liquids from accumulation probably exited 
the magma chamber prior to the emplacement o f  the homblende gabbro parental magma.
The homblende-plagioclase cumulates probably represent accumulation during 
transition between evacuation of olivine-clinopyroxene cumulate forming magmas and 
emplacement o f homblende gabbro forming magmas (figure 16). A second 
asthenospheric mantle-derived magma formed the homblende gabbro (figures 12 and 16). 
Emplacement was accompanied by varying amounts o f  contamination, possibly from the 
surrounding country rock. The quartz diorite samples may represent differentiates of 
homblende gabbro. It is possible that most o f the residual liquids from crystallization of 
homblende-plagioclase cumulates and homblende gabbro also evacuated the chamber.
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CHAPTER 6
OVERVIEW OF PETROGENETIC PROCESSES: 
THE ROLE OF MAFIC MAGMATISM
Petrogenesis of Phases 2 and 3
The petrogenetic history o f phase 2 and 3 rocks provide the framework for 
evaluating the types o f petrogenetic processes that formed the phase I rocks and the basis 
for determining the character of genetic links between the Mt. Perkins magmas. The 
phase 2 and 3 petrogenetic models are constrained by data such as variation in and
®’Sr/“‘Sr composition correlated with SiO; in addition to the non-linear apparent liquid 
lines o f evolution observed in LREE and Ba Harker variation diagrams.
Phase 2 and 3 rocks experienced a combination o f fractional crystallization and 
magma mixing in a two stage evolutionary process. The parental mafic magma 
composition for phases 2 and 3 was approximated by a phase 2 mafic enclave. This 
parental magma (the mafic end member) was derived from an asthenospheric mantle 
melt, suggested by the phase 2 enclave isotopic values, = +1-2 and ” Sr/“ Sr = 0.7055 
and an OIB incompatible trace element signature. The preferred model for stage one 
phase 2 and 3 evolution involves the removal o f  homblende (13.4%), plagioclase (4.4%), 
and magnetite (2.9%) with the addition of 18% o f a felsic contaminant (a phase 3 granite, 
Enj = -12.5 and *’Sr/“ Sr =0.71267) in a ratio o f mass added to mass removed (r) o f 0.9.
47
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During stage two evolution the evolved intermediate magmas produced by stage one 
experienced pure mixing with the same phase 3 granitic magma. The phase 3 granitic 
magma was derived from melting o f the upper crust, suggested by the low high
*’Sr/“®Sr values, and an inherited Proterozoic zircon component. The petrogenetic 
processes described above took place in a magma chamber beneath the current 
emplacement level. This large magma chamber was then tapped twice to produce the 
four phase emplacement sequence observed at Mt. Perkins (Metcalf et al., 1995).
Establishing a Genetic Link between Phase 1 and Phases 2 and 3
The petrogenetic processes acting on the phase 1 magmas were complex and the 
parent magma compositions are not closely constrained. A cursory examination o f  the 
isotopic data reveals that the phase 1 suite does not show values expected of mafic rocks 
related to phases 2 and 3 rocks, i. e. the isotopic values o f the phase 1 suite do not cluster 
around the values for phase 2 mafic enclaves. In fact, within the phase 1 suite isotopic 
values, there is no correlation between evolved rocks and similarly evolved isotopic 
values. However the close spatial relationship between phase 1 and the younger phases 
o f the pluton seems to strongly suggest a oogenetic relationship. It is possible to establish 
a genetic link between phase 1 and the younger phases o f the pluton primarily by using 
chemical signatures which are unique to Mt. Perkins.
In a broad sense all phases o f  the Mt. Perkins suite (phases 1,2, and 3) underwent 
similar differentiation processes o f fractional crystallization and contamination. The Mt. 
Perkins suite shows a continuum of rock compositions and major element trends. The
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relationship is further enhanced by the overlap o f fractional crystallization trends 
involving crystallization o f similar amounts o f homblende, plagioclase, and magnetite 
between phase 1 and phase 2 and 3 rocks (figure 18). These make a first order genetic 
relationship plausible.
Trace element and isotopic data more convincingly describe the cogenetic 
relationship between phase 1 and phases 2 and 3. Incompatible trace element spider 
diagram patterns are similar for all rocks of the Mt. Perkins suite (figure 8). This implies 
the OIB source for the phase 2 mafic end member is common to phase 1 rocks as well 
(figures 8 , 9 and 10). The OIB magma source at 16 Ma appears within the NCREC to be 
unique to Mt. Perkins (Metcalf et al., 1995). The Sr, Nd isotopes also show an 
asthenospheric mantle source for the Mt. Perkins suite (figure 10). Epsilon Nd values 
greater than about -4 for rocks older than 10 Ma are virtually unknown anywhere in the 
NCREC (Larsen and Smith, 1990; Feuerbach et al., 1993; Falkner et al., 1995; Faulds et 
al., 1995; Metcalf et al., 1995) except for the Mt. Perkins pluton where values for 
phase 2 and 3 rocks are as high as +1.2 (Metcalf et al., 1995) and -1.43 for phase 1 rocks 
analyzed for this study. Therefore all the Mt. Perkins mafic parental magmas were 
asthenospheric mantle-derived, implying a possible common primary magmatic origin.
Implications for NCREC Magmatism
Magmatism in the NCREC is pre- to post-extensional, where the NCREC plutons 
record the earliest magmatic and tectonic episodes in the region (Larsen and Smith, 1990; 
Feuerbach et al., 1993; Falkner et al., 1995; Faulds et al., 1995; Metcalf et al., 1995).
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NCREC plutons show magma compositions evolved from lithospheric-mantle derived 
primary magmas. Fractional crystallization and open system processes (magma mixing 
between mantle and crustal magmas) are responsible for the compositional diversity 
observed in these plutons. It has been suggested that the transition in primary magma 
source (recorded in the volcanic rocks) from lithospheric mantle magmas to 
asthenospheric magmas at 6  Ma was the result o f thinning o f the lithospheric mantle and 
upwelling o f  the asthenosphere (Kempton et al., 1991; Feuerbach et al., 1993; Fitton et 
al., 1995).
The presence of three isotopically different mafic end members suggests phase 1 
represents a sampling o f multiple mantle sources. One mantle source, that which 
produced the olivine-clinopyroxene cumulates, is characterized by S^d > -4 and 
206pb/204pij > ig 7  The second asthenospheric source, that which produced homblende 
gabbro, is characterized by > -1.4 and 206p5/204ph ©f about 18.5. The two
asthenospheric sources suggest that the asthenospheric mantle tapped by Mt. Perkins 
magmas was heterogeneous. If the mafic contaminant of phase 1 magmas represents a 
mix o f asthenospheric and lithospheric mantle-derived magmas then the models for the 
transition from lithospheric mantle melts to asthenospheric mantle melts may be 
oversimplified for the mantle beneath Mt. Perkins. Specifically, that the transition from 
asthenospheric mantle-derived magmas to lithospheric mantle derived-magmas was 
gradational, occurring between approximately 16 to 10 Ma when both types o f magma 
were generated.
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Mafic Magmatism along Continental Margins: Relationship to Mt. Perkins
Gabbroic plutons record the earliest tectonic and magmatic history o f many 
batholiths, the onset o f large scale magma generation (Regan, 1985; Weaver et al., 1990; 
Pitcher, 1993; Sisson et al, 1996). The gabbroic rocks may retain the chemical signature 
o f the primary magma source which may be obscured at intermediate compositions if 
open system crust-mantle interaction occiu-s (Pichowiak et al., 1990; Miller and Glazner,
1995). Thus the gabbroic rocks may be used to better understand the importance o f the 
mantle-derived mafic magmas in the genesis o f batholiths, in particular the role o f open 
system processes.
Batholiths generated in a subduction environment follow a multi-stage 
emplacement history. Large volumes o f calc-alkaline tonalitic follow initial gabbroic 
magmatism to granitic magmas. Expressions o f mafic magmatism include gabbroic 
plutons (early stage), enclaves (intermediate stage), and syn-plutonic dikes (late stage) 
(Regan, 1985; Pitcher, 1993; Metcalf, et al., 1995; Miller and Glazner, 1995). Previous 
workers have suggested that the mafic magmas are derived from either enriched 
lithospheric mantle (Miller and Glazner, 1995) or asthenospheric mantle over a subducted 
slab (Weaver et al., 1990; Pitcher, 1993). Thus the mafic magma source plays an 
important petrogenetic and thermodynamic role throughout the life of granitoid 
batholiths.
Cumulates within gabbroic rocks indicate that fi-actional crystallization was a 
petrogenetic process at work. If  the tonalitic and granitic contain only small fractions of 
remelted crust then large volumes o f mafic magma are required to firactionally crystallize 
significant volumes of highly evolved rocks. The role o f mafic magmas in batholith
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generation has profound implications for the growth of continental crust. If mafic 
magmatism is prominent throughout the generation of batholiths then batholiths represent 
significant additions o f new material added to the crust from the mantle rather than 
simply recycled crust. Alternatively if mafic magmatism is not prominent then 
batholithic belts represent large volumes o f melted crust and the mantle does not 
contribute to the growth of continental crust.
The early stage gabbroic plutons share many common characteristics with the Mt. 
Perkins pluton such as; (1) Cumulate rocks, frequently defined by plagioclase layering, 
are common within gabbroic plutons (Thompson, 1984; Regan, 1985; Beard and Day, 
1988; Pichowiak et al., 1990; Weaver et al., 1990; Miller and Glazner, 1995). (2) 
Gabbroic plutons share a common major and minor mineralogy which each other. Major 
minerals which are commonly present in gabbroic rocks are olivine, orthopyroxene, 
clinopyroxene, opaque oxides (magnetite, ilmenite, pyrite, pyrrhotite), homblende, 
biotite, and plagioclase (McSween et al., 1984; Thompson, 1984; Beard and Day, 1988; 
Pichowiak et al., 1990; Weaver et al., 1990; Ayuso and Arth, 1992; Miller and Glazner, 
1995). Minor and accessory minerals which are common present include quartz, epidote, 
allanite, zircon, and sphene (McSween et al., 1984; Beard and Day, 1988; Pichowiak et 
al., 1990; Weaver et al., 1990; Ayuso and Arth, 1992; Miller and Glazner, 1995). 
Plagioclase occurs as An>so and is often zoned (patchy, normal, reverse, and/or 
oscillatory) (Walawender and Smith, 1980; Beard and Day, 1988; Pichowiak et al., 1990; 
Weaver et al., 1990). Homblende may either rim olivine or pyroxene or poikilitically 
enclose anhydrous phases (McSween et al., 1984; Thompson, 1984; Beard and Day,
1988; Pichowiak et al., 1990; Weaver et al., 1990; Ayuso and Arth, 1992; Miller and
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Glazner, 1995). (3) Chemically the gabbroic rocks have lower abundances of 
incompatible elements relative to associated granitoid rocks (Pichowiak et al., 1990; 
Miller and Glazner, 1995).
Primary magma source characteristics and petrogenetic processes responsible for 
phase 1 magma generation are difficult to interpret due to overprinting by complex open 
system processes. This complexity o f petrogenesis is mirrored by gabbroic plutons in 
batholithic belts where multiple episodes o f mafic magmatism and possibly multiple 
mantle sources are common. Similar petrogenetic processes suggest that mantle derived 
mafic magmas continue to play a role, probably as both a heat source and 
contamination/mixing agent, throughout the generation and emplacement o f  the younger 
calc-alkaline magmas which produced yoimger intermediate to felsic rocks.
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APPENDIX 1
CALCULATION OF CRYSTALLIZATION TIME FOR A MAGMA CHAMBER 
(BRANDEIS AND JAUPART, 1987).
The crystallization time for a convecting magma chamber = (15&P)/(Ra'^^A)
The crystallization time for a non-convecting magma chamber = d l^Ak 
d  is the thickness o f the crystallizing body 
k is the thermal difhisivity o f the magma
Ra is the Rayleigh number, where Ra = pgd^aAT/-r\k 
p is the density o f the magma 
g  is the force due to gravity
a  is the coefficient o f thermal expansion for the magma
AT is the change in temperature in °C over the thickness o f the body
T| is the viscosity o f  the magma
Assume the phase 1 parental magma is a typical basaltic magma emplaced at about 10 km 
depth (depth o f emplacement is discussed in Chapter 5). Values were chosen to give the 
longest possible crystallization time when values were given in a range.
Values for a typical basaltic magma (Philpotts, 1990): 
k =  10 '^ m '2 S'I 
p = 2700 kg m-3 
a  = 6 x 10-5“C-‘
Ti = 100 P as
AT = 1200°C (an average basaltic magma temperature) - 200“C (continental 
geotherm estimated temperature at 10 km)
AT = 1000“C
For the Mt. Perkins pluton:
d  is estimated to be 2  km, the thickness o f phase 1 estimated fi-om the maximum 
width o f phase 1 from the geologic map
R a=  1.27008 x 10>7
The crystallization time for a convecting magma chamber = 4 yrs
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The crystallization time for a non-convecting magma chamber = 32,000 yrs
Short crystallization time is expected for a pluton o f small size and shallow depth o f 
emplacement because heat flow away from the magma chamber would be high.
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Table 1. Phase 1 sample locations.
Sample # Longitude Latitude
965-1 114“ 28' 34.490" 35“ 33' 52.208"
965-2 114“ 28' 33.057" 35“ 33' 52.364"
965-3 114“ 28' 42.611" 35“ 33'51.429"
965-4 114“ 28' 40.605" 35“ 33' 53.455"
966-1 114“ 29' 4.395" 35“ 35' 9.662"
966-2 114“ 28' 57.898" 35“ 34’ 51.039"
966-3 114" 28' 58.185" 35“ 34' 52.909"
966-4 114“ 28' 58.662" 35“ 34' 53.377"
966-5 114" 28' 28.280" 35“ 34' 36.935 "
966-6 114“ 28' 29.904" 35“ 34' 33.273"
966-7 114“ 28' 32.389" 35“ 34' 33.740"
966-8 114“ 28' 32.389" 35“ 34' 33.740"
966-8L 114“ 28' 32.389" 35“ 34' 33.740"
966-9 114“ 28' 32.389" 35“ 34' 33.740"
966-10 114“ 28' 39.841" 35“ 33' 58.052"
966-1 IF 114“ 28' 39.841" 35“ 33' 58.052"
966-1IM 114“ 28' 39.841" 35“ 33' 58.052"
966-12 114“ 28' 36.879" 35“ 33' 54.623"
961-1 114“ 28' 39.841" 35“ 33' 58.052"
966-13 114“ 28' 33.529" 35“ 33' 55.714"
966-13a 114“ 28’ 33.529" 35“ 33' 55.714"
969-1 114“ 28' 37.834" 35“ 33' 53.766"
969-2 114“ 28' 59.618 " 35“ 34' 39.740"
969-3 114“ 28' 59.618" 35“ 34' 39.740"
969-4 114" 28' 59.618" 35“ 34' 39.740"
969-5 114“ 28' 59.809" 35“ 34’ 46.364"
969-6 114“ 28’ 56.465" 35“ 34' 47.844"
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Table 2. Whole rock geochemical analyses of phase 1 of the Mt. Perkins pluton.
Sample # 965-1 965-2 965-3 965-4 966-1 966-2 966-3 966-4
Rock Group" olv-cpx olv-cpx hbl-plag hbl-plag hbl gab hbl gab qtz dior hbl gab
XRF(wt%)
SiOi 44.47 44.65 47.81 43.13 50.09 49.94 55.67 52.01
TiO; 0.72 0.77 1.28 2.96 1.90 0.55 0.74 2.05
AKOj 10.87 11.96 17.13 14.44 16.24 16.47 19.73 16.74
FeOt 10.52 10.23 7.35 17.36 8 . 6 6 5.94 4.64 8 . 6 8
MgO 17.22 14.62 6.76 5.86 4.65 7.75 2.47 3.42
CaO 1 1 . 6 8 12.35 13.27 11.55 7.02 11.74 7.14 6.74
NajO 1 . 0 0 0.90 2.24 2.37 4.03 2.08 3.75 3.35
K2O 0.35 0.37 1.09 0.75 2.06 0.84 2.53 2.52
P2O5 0.13 0.17 0.40 0.92 0.39 0.13 0.26 0.80
MnO 0.15 0.14 0 . 1 2 0.16 0.13 0 . 1 1 0.07 0 . 1 2
LOI 1.07 1 . 1 1 1.07 0.43 2.17 1.38 1.27 0.43
Total 98.18 97.27 98.52 99.92 97.34 96.93 98.27 96.86
XRF (ppm) 
Zr 98 98 180 192 227 131 2 0 0 184
Sr 531 596 1081 1 2 1 1 474 865 857 1016
Mb 9 9 1 0 1 0 1 2 9 1 1 13
Y 2 1 18 44 29 1 0 47
Rb 7 7 25 2 1 47 2 1 55 65
Ba 213 219 323 2 1 2 386 354 505 752
Ni 603 626 334 182 207 438 207 263
Cr 1182 1025 162 1 1 1 174 182 6 8 83
ICP-MS (ppm) 
La 9.82 9.34 23.17 26.32 35.77 16.67 32.8 61.64
Ce 2 0 . 8 8 20.59 48.35 56.35 70.08 32.55 61.89 122.76
Pr 2 . 8 2.92 6.09 7.2 8.09 3.93 6.71 14.4
Nd 12.53 13.4 26.73 32.53 32.73 16.03 25.08 59.4
Sm 3.33 3.54 6.41 7.95 7.19 3.72 4.72 12.47
Eu 1.08 1.14 1.97 2.4 2.16 1.26 1.5 3.08
Gd 3.01 3.36 5.45 7.3 6.28 3.15 3.72 9.99
Tb 0.5 0.52 0 . 8 1.09 0.98 0.48 0.58 1.44
Dy 2 . 6 2 . 8 6 4.51 6 . 1 5.72 2.61 3.58 7.98
Ho 0.5 0.52 0.83 1.14 1.13 0.5 0.69 1.47
'olv-cpx = olvine-clinopyroxene cumulate 
hbl-piag = homblende-plagioclase cumulate 
hbl gab = hornblende gabbro 
qtz dior = quartz diorite
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Table 2. Continued.
Sample # 965-1 965-2 965-3 965-4 966-1 966-2 966-3 966-4
Rock Group" olv-cpx olv-cpx hbl-plag hbl-plag hbl gab hbl gab qtz dior hbl gab
ICP-MS (ppm)
Er 1.17 1.3 2.07 2 . 8 2.92 1.3 1.85 3.57
Tm 0.16 0.17 0.27 0.37 0.41 0.17 0.28 0.47
Yb 0.92 1 . 0 1 1.62 2.17 2.48 1.05 1.72 2.7
Lu 0.14 0.15 0.24 0.32 0.39 0.16 0.27 0.39
Ba 147 148 344 313 492 389 563 1173
Th 0 . 6 6 0.57 1 . 6 1.71 4.1 2.03 4.68 5.66
Nb 4.1 4.38 9.76 9.37 22.52 5.13 16.06 26.95
Y 11.59 12.84 21.15 27.8 28.36 12.79 18.46 37.92
Hf 1 . 8 6 1.83 3.22 3.05 5.42 1.85 4.77 3.75
Ta 0.39 0.4 0.9 0.83 1.73 0.53 1.74 2.16
U 0.18 0.16 0.44 0.36 0.78 0.35 1 1
Pb 1.43 1.36 4.25 5.28 6.09 1 1 . 2 10.45 12.25
Rb 7.7 7.4 2 2 . 8 14 46.8 20.9 55.8 59.4
Cs 0.32 0.46 0.27 0.31 0.19 0.25 0.4 0 . 8
Sr 502 581 965 829 522 840 887 926
Sc
Mass-Spect.
45.5 46.9 39.6 39.9 25.5 30.9 9.2 20.3
Sm 3.08 6 . 0 1 7.32 6 . 6 8 4.96
Nd 13.16 28.47 33.97 33.96 25.27
-4.5 -4.99 -6.19 -3.17 -9.12
'" W '^ d 0.5124 0.51238 0.51232 0.5125 0.5122
*’Sr/*®Sr(i)'’ 0.7071 0.70747 0.70823 0.7081 0.7081
206pbyM4pb 18.502 18.269 18.109 18.195 18.063
^ P b /^ b 15.606 15.572 15.575 15.636 15.579
*“ P b /^ b 38.982 38.959 39.11 39.185 39.078
Pb 1.4418 ... 4.3424 
"olv-cpx = olvine-clinopyroxene cumulate
4.8079 5.8534 9.7573
hbl-plag = homblende-plagioclase cumulate 
hbl gab = homblende gabbro 
qtz dior = quartz diorite
*’eNd and *^ Sr/**Sr calculated at 15 Ma
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Sample # 966-5 966-6 966-7 966-8 966-8L 966-9 966-10 966-1 IF 966-1IM
Rock Group’ qtz dior hbl gab hbl gab hbl-plag hbl-plag hbl-plag hbl-plag hbl-plag hbl-plag
XRF(wt%)
SiOj 56.50 49.65 50.66 50.24 50.77 44.41 4 3 . 4 5 48.31 46.70
TiO: 1.14 2.35 0.93 1.08 0.62 2.78 2.04 0.77 1 . 0 0
AI2O3 14.09 17.51 18.60 17.98 23.07 17.12 15.19 20.18 16.97
FeOt 7.59 10.33 7.86 8.30 4.83 15.36 13.78 5.12 8.46
MgO 5.62 3.61 5.45 5.63 3.32 5.12 6.96 4.41 7.21
CaO 8.06 9.80 9.79 9.78 10.72 10.40 12.24 11.36 11.49
Na^ O 2.29 3.15 2.03 1.91 2.91 2.79 1.64 2.74 1.71
K, 0 1.69 1.19 1.32 1.25 0.90 0.64 0.84 1.08 1.24
P:0 ; 0.40 0.35 0.18 0 . 2 2 0 . 1 2 0.36 0 . 2 0 0.27 0.19
MnO 0 . 1 2 0 . 1 1 0 . 1 1 0 . 1 2 0.07 0.15 0.15 0.09 0.13
LOI 0.62 0.55 1.35 1 . 1 0 1 . 0 0 0.57 1.14 3.21 2 . 6 8
Total 98.11 98.60 98.28 97.61 98.33 99.70 97.63 97.54 97.78
XRF (ppm) 
Zr 119 148 1 2 1 125 144 155 153 156 130
Sr 765 865 1103 1071 1525 1208 885 1199 771
Nb 1 0 1 0 9 9 9 1 0 1 0 1 0 1 0
Y 17 7 1 7 14 15 4 7
Rb 46 19 37 36 24 14 26 46 36
Ba 559 360 365 408 400 193 186 342 408
Ni 252 186 223 253 185 247 366 242 317
Cr 142 87 114 1 2 2 77 123 180 128 266
La 34.7 23.94 20.62 20.93 19.7 18.67 16.29
Ce 67.74 47.37 38.9 40.22 34.14 38.75 33.13
Pr 7.8 5.66 4.49 4.79 3.66 4.95 4.18
Nd 30.95 23.19 18.27 19.55 13.48 21.56 18.01
Sm 6.36 5.22 4.07 4.16 2.69 5.14 4.38
Eu 1.61 1 . 8 1.43 1.4 1.35 1.65 1.39
Gd 4.91 4.51 3.32 3.66 2.04 4.46 3.98
Tb 0.72 0 . 6 8 0.5 0.54 0.31 0 . 6 6 0.59
Dy 4.05 3.71 2 . 8 3.05 1 . 6 8 3.77 3.4
Ho 0.77 0 . 6 8 0.55 0.58 0.33 0.7 0.64
'olv-cpx = olvine-clinopyroxene cumulate 
hbl-piag = homblende-plagioclase cumulate 
hbl gab = hornblende gabbro 
qtz dior = quartz diorite
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Sample # 966-5 966-6 966-7 966-8 966-8L 966-9 966-10 966-1 IF 966-1IM
Rock Group’ qtz dior hbl gab hbl gab hbl-plag hbl-plag hbl-plag hbl-plag hbl-plag hbl-plag
ICP-MS (ppm)
Er 2 1.75 1.38 1.46 0 . 8 6 1.77 1.64
Tm 0.27 0.24 0.19 0 . 2 1 0 . 1 2 0.23 0.23
Yb 1.67 1.35 1.15 1 . 2 0.72 1.29 1.33
Lu 0.26 0 . 2 1 0.17 0.18 0 . 1 1 0 . 2 0 . 2
Ba 732 447 402 391 337 258 313
Th 6 . 6 8 2.35 2.65 2.78 2.26 2.04 1.79
Nb 9.87 13.12 5.13 5.91 3.74 7.43 7.13
Y 2 0 . 2 17.88 14.03 14.87 8.32 17.47 16.77
Hf 2.43 3.11 1.83 1.91 1.33 2.31 2.51
Ta 1 . 1 1 1.36 0.61 0.72 0.69 0.76 0.63
U 0.96 0.57 0.49 0.53 0.41 0.49 0 . 6
Pb 10.05 9.48 8.84 7.99 8.19 5.23 4.96
Rb 41.6 18.7 32.5 31.9 21.4 1 1 . 6 37.8
Cs 0.7 0 . 1 2 0.26 0.49 0.23 0 . 1 0.32
Sr 742 874 1006 957 1300 925 730
Sc 25.1 24.2 21.4 21.9 10.4 28.6 38.6
Mass-Spect.
Sm 5.48 5.72 3.22 4.14 2.58
Nd 31.83 31.81 16.21 21.07 14.80
-1.43 -12.9 -5.48 -9.41 -9.15 • • •  • •  «
0.5126 0.512 0.5124 0.51215 0.51216
” Sr/*®Sr(i)'’ 0.7095 0.7077 0.7092 0.7091 0.70915
206pb/204pb 17.99 17.906 18.171 18.203 18.15
^Pb/°*Pb 15.588 15.566 15.639 15.652 15.571
™Pb/**Pb 39.265 38.773 39.294 39.357 39.121
Pb 9.9106 9.4139 8.6813 8.0721 6.5812
’olv-cpx = olvine-clinopyroxene cumulate 
hbl-plag = homblende-plagioclase cumulate 
hbl gab = hornblende gabbro 
qtz dior = quartz diorite
"eNd and *’Sr/**Sr calculated at 15 Ma
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Sample # 966-12 961-1 966-13 966-13a 969-1 969-2 969-3 969-4 969-5
Rock Group’ hbl gab olv-cpx olv-cpx olv-cpx hbl gab hbl-plag hbl-plag hbl-plag hbl gab
XRF (wt %)
SiO, 48.78 48.00 42.16 41.99 49.34 45.12 43.50 44.72 52.88
TiO: 0.94 0.87 0.77 0.81 1.46 1.90 2.04 2.07 1.44
AI2 O3 12.09 14.66 6.84 6.69 17.85 15.86 18.16 17.49 19.81
FeOt 6.61 8.73 14.13 13.66 10.07 10.84 12.44 10.67 8.72
MgO 9.59 10.37 21.89 20.84 6.92 8.36 6.44 8.40 4.51
CaO 16.20 13.77 8.43 8.54 11.23 12.72 11.35 1 2 . 1 1 10.36
NaiO 1.45 1.67 0.87 0.72 2.90 2.44 2.70 2.40 2 . 2 2
K2 O 0 . 6 8 0.65 0.46 0.39 0.81 0.98 1.29 1.26 1.43
P:0 ; 0.19 0.17 0.18 0.15 0.23 0.85 0.91 0.97 0.24
MnO 0.16 0.15 0.19 0.18 0.14 0.13 0 . 1 1 0 . 1 2 0 . 1 1
LOI 1.94 0.84 2.40 2.28 1.09 1.46 1.56 1.50 1.14
Total 98.63 99.88 98.32 96.25 102.03 100.65 100.50 101.73 102.84
XRF (ppm) 
Zr 1 0 0 1 1 1 80 8 8 129 145 154 166 173
Sr 507 642 264 323 847 1246 1263 1292 947
Nb 9 3 9 9 4 7 9 233 0
Y 16 2 0 3 2 1 40 33 1108 31
Rb 2 0 14 7 8 17 17 27 2 2 39
Ba 203 267 206
Ni 308 353 926 787 344 296 164 184 237
Cr 470 2 2 1 1729 1713 283 236 80 189 79
ICP-MS (ppm) 
La 12.96 11.72
Ce 27.46 24.64
Pr 3.73 3.2
Nd 16.72 13.88
Sm 4.4 3.42
Eu 1.39 1 . 0 2
Gd 4.19 3.04
Tb 0.64 0.46
Dy 3.74 2.62
Ho 0.7 0.48
'olv-cpx = olvine-clinopyroxene cumulate 
hbl-plag = homblende-plagioclase cumulate 
hbl gab = homblende gabbro 
qtz dior = quartz diorite
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Sample# 966-12 961-1 966-13
Rock Group’ hbl gab olv-cpx olv-cpx
ICP-MS (ppm)
Er 1.7 1.19
Tm 0.24 0.16
Yb 1.39 1 . 0 1
Lu 0 . 2 2 0.15
Ba 2 1 1 167
Th 1.14 0.84
Nb 5.68 5.6
Y 17.92 12.63
Hf 2.32 2.08
Ta 0.51 0.4
U 0.29 0.24
Pb 2.73 5.38
Rb 14.3 9.6
Cs 0.29 0.54
Sr 672 305
Sc 55.4 37
Mass-Spect.
Sm 4.10 3.52
Nd 17.56 16.08
-5.39 -7
0.5124 0.51227
*’Sr/*®Sr(i)'’ 0.7079 0.70703
^ b / ^ b 18.312 17.998
“ ’Pb/^ “*Pb 15.602 15.563
“*Pb/®^b 39.16 38.884
Pb 2.7642 5.3341
969-1 969-2 969-3 969-4 969-5
’olv-cpx = olvine-clinopyroxene cumulate 
hbl-plag = homblende-plagioclase cumulate 
hbl gab = homblende gabbro 
qtz dior = quartz diorite
"e^ d and *^ Sr/**Sr calculated at 15 Ma
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Sample # 969-6 914-lPl 927-4P1 927-6P1
Rock Group’ hbl gab olv-cpx olv-cpx hbl gab
XRF (wt %)
SiOz 50.50 48.66 46.16 50.11
TiOz 1.30 1.62 0.74 2 . 0 2
AKOj 23.53 16.15 12.45 16.45
FeOt 6.53 8.26 1 0 . 2 2 8.50
MgO 3.81 8.07 13.26 4.32
CaO 11.67 12.26 12.38 6 . 8 6
NazO 3.34 2.47 1.57 4.67
KzO 0.96 1.26 0.44 2.29
P2 O5 0.32 0.51 0 . 1 1 0.39
MnO 0 . 1 0 0 . 1 2 0.15 0.14
LOI 0.83
Total
XRF (ppm)
1 0 2 . 8 8 99.38 97.48 95.75
Zr 155 143 85 223
Sr 1068 838 578 532
Nb 0 13 7 24
Y 2 2 2 0 16 24
Rb 19 25 9 56
Ba 468 226 718
Ni 404 104 207 57
Cr
ICP-MS (ppm)
160 521 758 116
La 31.5 11.5 39.9
Ce 65.6 24.8 77.99
Pr
Nd 31.3 17.1 30.3
Sm 7.53 3.66 7.5
Eu 2 . 2 1.09 2 . 1 2
Gd
Tb
nu
0.933 0.466 0.905
’olv-cpx = olvine-clinopyroxene cumulate 
hbl-piag = homblende-plagioclase cumulate 
hbl gab = homblende gabbro 
qtz dior = quartz diorite
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Sample # 
Rock Group’
969-6 914-IP! 927-4P1 927-6P1 
hbl gab olv-cpx olv-cpx hbl gab
ICP-MS (ppm)
Er
Tm
Yb 1.42 1.09 2 . 2 2
Lu 0.24 0.153 0.324
Ba 313 310 684
Th 5.4 2.5 4.3
Nb 13.4 7.1 24.1
Y 2 0 16 24
Hf 3.78 1.9 5.4
Ta 0.975 0.297 1.47
U 0.591 0.53 0 . 6 8
Pb • •  • • • • 2 . 2 2
Rb 8 . 6
Cs • • •  • • • • •  >
Sr 815 539
Sc 38.8 42 22.7
Mass-Spect.
Sm 6.90 3.50
Nd 34.70 31.50
-3.6 -6 . 2
'^ W '^ d ... 0.512446 0.512309
*’Sr/*‘Sr(i)'’ ... 0.707288 0.707877
206pb/2(Kpb 18.649 18.327
:07pb/2Wpb ... 15.611 15.553
20«pb/2(Mpb ... 39.054 39.012
Pb 2 . 2 2
’olv-cpx = olvine-clinopyroxene cumulate 
hbl-plag = homblende-plagioclase cumulate 
hbl gab = hornblende gabbro 
qtz dior = quartz diorite
"esd and '^ Sr/^ S^r calculated at IS Ma
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Sample
Phase
927-4
olv
olivine-clinopyroxene cumulate 
olv olv olv olv olv olv olv olv olv
SiO, 37.59 37.41 37.26 37.54 37.19 37.70 37.78 37.75 37.09 37.74
AliOz
TiOz
MgO 37.01 36.93 36.78 36.80 37.01 36.60 37.30 37.30 37.25 37.57
FeO 24.44 23.71 23.74 24.33 23.98 24.27 23.96 24.14 24.54 24.34
MnO
CrOz
CaO • • • • • •
NazO • • • • • •
KzO • • •
Total 99.04 98.05 97.78 98.66 98.17 98.57 99.03 99.20 98.88 99.64
Phase plag plag plag plag plag plag plag plag plag plag
SiOz 47.18 47.28 46.52 47.43 48.79 49.75 51.27 52.76 46.76 53.75
AUO3 31.76 32.33 32.92 31.51 31.40 30.40 29.34 28.57 32.21 28.18
TiOz • • •
MgO • • • • • • •  • • » « «
FeO 0.38 0.23 0.42 0.39 0.38 0.40 0.46 0.35
MnO • • •
CrOz • • •
CaO 15.78 15.86 16.18 15.44 14.76 13.92 12.60 1 1 . 0 0 16.12 10.96
NazO 2.50 2 . 2 0 2.04 2.47 3.04 3.51 4.07 5.01 2.08 5.06
KzO 0.15
Total 97.60 97.98 98.07 97.25 98.36 98.11 97.75 97.69 97.16 98.10
Phase pyx pyx pyx hbl pyx pyx pyx pyx pyx hbl
SiOz 49.49 49.76 48.88 40.80 51.55 53.60 51.10 52.78 51.35 42.58
AUO3 3.67 2.97 4.03 11.47 2 . 1 0 1.51 2.30 1.82 2.31 11.15
TiOz 1 . 2 0 0.94 1 . 1 1 3.68 0.36 • • • 0.30 0.57 2.76
MgO 14.92 15.34 15.67 14.59 15.75 28.01 15.67 26.79 15.42 14.46
FeO 8.07 7.94 7.73 1 0 . 2 0 8.31 16.61 7.95 26.79 5.82 10.49
MnO 0.27 0.35 0.37 0.32 0.34 • • •
CrO, • «> » .» • • •
CaO 20.80 20.61 21.31 11.28 20.74 0.70 20.98 1.16 22.89 1 1 . 8 8
NazO 0.64 0.39 0.45 2.27 0.45 0.39 • • • 0.27 2.45
KzO 1.06 0.16 • • •
Total 98.79 98.23 98.51 95.34 99.24 100.80 98.97 99.93 98.63 95.78
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Table 3. Continued
Sample 927-4 olivine-clinopyroxene cumulate
Phase plag plag plag plag plag plag plag plag plag plag
SiOz 51.48 52.72 53.94 54.08 54.27 54.05 53.72 53.58 52.16 51.83
AlzOj 30.42 29.27 28.94 29.11 28.68 28.81 28.55 28.85 30.13 29.63
TiOz ... ...
MgO ... ... ... ... ... ...
FeO 0.31 0.35 ... ... ... ... 0.28 ...
MnO ... ...
CrOz
CaO 13.14 11.92 11.89 11.34 10.82 1 1 . 1 2 11.48 11.55 12.71 12.89
NazO 4.10 4.57 4.87 5.01 5.44 5.20 4.96 4.91 4.20 4.16
KzO 0.13 0.13 0.16 0 . 1 2 ... 0.18 0.14 ...
Total 99.58 98.81 99.77 99.70 99.33 99.18 98.71 99.35 99.33 98.51
Phase olv olv pyx pyx pyx pyx pyx pyx pyx bt
SiOz 37.75 37.61 53.34 52.80 53.02 52.89 53.03 54.02 53.81 34.86
AUOj ... 1.69 1.89 2.04 2 . 0 0 1.64 1.78 0.81 14.08
TiOz ... 0.28 0.23 4.13
MgO 36.94 37.50 27.32 26.67 27.25 27.03 26.88 26.92 27.32 16.41
FeO 23.41 23.59 16.50 16.46 16.44 16.82 16.73 16.41 16.28 11.46
MnO
CrOz
CaO 1.29 1.36 1.18 1.29 1.26 1.34 1.25
NazO . «« 0 . 2 1 0.56
KzO 9.29
Total 98.10 98.70 100.42 99.17 99.93 100.26 99.53 1 0 0 . 6 8 99.47 90.79
Phase cpx hbl olv olv olv pyx pyx hbl hbl bt
SiOz 51.43 41.13 37.84 37.19 36.75 50.92 51.81 52.54 51.75 34.62
AlzOz 2.62 11.37 ... ... ... 2 . 2 2 1.69 1.61 1 . 0 0 14.03
TiOz 0.69 3.79 ... ... 0.41 ... ... ... 4.09
MgO 15.20 13.86 36.84 36.79 36.64 15.06 15.79 26.99 15.82 16.11
FeO 7.49 11.40 23.79 25.42 25.97 7.14 7.26 16.72 5.66 11.89
MnO 0.35 0.35 0.65 0.29 ... 0.28 ... • ».
CrOz ... ... ... ... ...
CaO 21.42 11.37 ... 21.94 21.79 0.98 22.65 ...
NazO 0.41 2.39 0.26 0.23 0.49 0.38 0 . 2 0 0.28 0.67
KzO 1.17 ... 9.07
Total 99.60 96.49 98.46 1 0 0 . 0 1 100.24 98.46 98.71 99.32 97.16 90.48
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Table 3. Continued
Sample 927-4 olivine-clinopyroxene cumulate
Phase bt bt hbl hbl cpx cpx plag plag plag plag
SiO, 34.33 34.59 41.42 42.25 51.23 51.10 50.23 48.84 48.75 47.55
AijO} 14.14 14.10 11.36 11.26 2 . 0 0 2.50 30.79 31.46 32.06 32.36
TiOz 3.98 4.09 2.91 2.67 0.45 0.46
MgO 16.09 16.15 13.88 14.12 15.66 15.56
FeO 11.96 11.49 12.38 12.98 7.36 7.52 0.30 0.56 0.58
MnO 0.25 0.32
CrOz
CaO 11.32 11.45 2 1 . 2 0 20.69 14.29 14.46 15.29 16.36
NazO 0.57 0.45 2.29 2.31 0.44 0.44 3.34 5.09 2.77 2 . 1 2
KzO 9.03 8.77 1.28 1.14 ... 0 . 1 2
Total 90.09 89.64 97.09 97.18 98.66 98.28 98.96 98.40 99.44 98.51
Phase plag plag plag plag plag plag plag pyx pyx pyx
SiOz 46.91 52.26 53.87 53.85 46.18 53.40 46.15 53.21 53.62 51.83
AlzO] 33.05 29.14 28.75 27.97 32.50 27.75 32.40 1.16 1 . 0 1 2 . 0 2
TiO, 0.26 3.86
MgO 27.69 27.60 27.37
FeO 0.27 0.35 0.34 0.27 0.26 0.39 15.00 15.67 15.71
MnO 0.49 0.29 0.43
CrOz
CaO 16.76 12.03 11.38 10.40 15.97 10.57 16.02 1.31 1.39 1 . 2 1
NazO 1.80 4.52 5.00 5.52 2.09 5.32 2.05 0 . 2 1 0 . 2 0
KzO 0.14 0.16 0.13 0 . 1 1
Total 98.79 98.43 99.51 98.13 97.10 97.03 97.01 99.07 99.83 99.16
Phase plag plag plag plag plag plag plag
SiOz 46.80 47.23 49.00 50.41 51.52 52.71 52.75
AlzOz 33.03 32.99 31.91 31.39 29.90 1956 30.23
TiOz ... ...
MgO ... ...
FeO ... 0.32 0.48 0.30 0.39
MnO
CrOz
CaO 16.32 16.33 15.58 14.56 12.99 1 2 . 1 0 12.42
NazO 2 . 0 1 2.15 2.73 3.31 3.90 4.46 4.26
KzO 0.13 0 . 1 2 0 . 1 2 0 . 1 2 0.15 0.16
Total 98.30 99.13 99.22 100.08 98.42 99.38 99.82
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Sample 966-13 olivine-clinopyroxene cumulate
Phase hbl hbl hbl hbl hbl hbl hbl hbl bt bt
SiO, 39.11 40.85 45.79 48.37 58.08 45.99 44.22 43.77 38.74 38.80
AI2 O3 11.42 11.57 9.80 8.85 0 . 2 2 11.38 12.61 12.50 17.35 17.31
TiOz 7.02 4.87 2 . 0 1 0.43 0.29
MgO 14.02 15.06 17.53 19.97 24.01 18.28 17.38 17.45 23.54 23.83
FeO 9.54 9.81 8.98 6.07 2.26 8.31 8.24 8.50 5.06 5.40
MnO
CrOz
CaO 11.25 1 0 . 8 8 1 0 . 6 6 11.67 12.89 10.70 11.71 11.16
NazO 2.39 2.49 2 . 2 2 1.75 2 . 1 1 2.46 2.28 2.28 2 . 1 1
KzO 0.94 0 . 8 8 0.77 0.15 0.13 0.27 7.49 7.20
Total 95.69 96.42 97.75 97.10 97.77 96.92 96.74 95.93 94.75 94.65
Phase hbl serp hbl hbl pyx pyx pyx bt bt hbl
SiOz 49.66 29.37 43.35 45.31 47.85 49.12 49.54 39.60 38.75 43.39
AlzOs 6.39 17.39 10.90 11.29 5.56 4.49 3.86 16.38 16.33 11.15
TiOz 1 . 2 2 1.39 1.27 0 . 8 6 1.52 1.70 0.96
MgO 21.28 25.36 15.97 18.00 13.87 15.33 14.50 23.10 22.70 16.17
FeO 5.80 13.91 9.79 7.88 6.74 6 . 0 1 5.98 5.33 4.77 8.71
MnO 0.27
CrO,
CaO 10.97 11.33 11.77 21.43 21.18 2 2 . 2 0 11.39
NazO 1.25 2.28 2.35 0.62 0.40 0.87 2.06 2.06 2.27
K,0 0.14 0.81 0.23 7.84 7.35 0.85
Total 95.48 8 6 . 0 2 95.65 96.83 97.46 97.79 97.80 95.83 93.66 95.15
Phase olv olv olv olv
SiOz 39.41 39.36 38.71 39.01
AlzOz
TiOz
MgO 43.28 44.27 43.63 43.34
FeO 16.81 16.69 17.92 17.43
MnO 0.48 0.29 0.44
CrOz
CaO 0.14
NazO 0 . 2 1 0 . 2 2 0.18
KzO
Total 1 0 0 . 1 2 100.83 100.91 99.96
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Sample 961-1 olivine-clinopyroxene cumulate
Phase pyx olv pyx hbl olv olv olv olv olv olv
SiO, 50.74 37.66 52.90 41.27 37.75 38.13 37.58 37.97 37.76 37.37
AIiOz 2 . 1 0 1.83 11.54
TiO, 0.54 0.23 4.39 ... ...
MgO 15.40 38.18 26.47 14.29 38.01 38.53 37.87 38.06 38.21 39.18
FeO 7.93 24.47 16.88 11.06 22.45 21.38 22.64 21.95 22.31 21.90
MnO 0.44 0.46 ... ...
CrO, ... ... ...
CaO 20.64 1 . 1 2 11.48 ...
Na,0 0.43 0 . 2 2 0 . 2 1 2.23 ...
K,0 1 . 1 2 ...
Total 97.78 100.97 100.09 97.37 98.21 98.04 98.09 97.98 98.28 98.71
Phase hbl hbl hbl hbl hbl hbl hbl hbl hbl hbl
SiO, 45.38 43.43 43.61 45.00 45.17 45.11 45.74 46.63 43.58 45.70
AiiOj 17.62 13.54 16.72 9.89 11.44 17.54 8.57 13.04 2 2 . 2 1 10.09
TiO, 0.75 2.14 1 . 0 0 1.57 2.45 1.36 1 . 6 6 2.45 2.05
MgO 15.46 14.92 11.69 16.87 1 2 . 6 6 9.21 14.53 1 0 . 1 2 5.88 12.07
FeO 11.50 10.82 9.27 13.07 12.04 7.49 12.14 8.81 7.16 8.67
MnO 0.25 0.44 ...
CrO, ...
CaO 7.18 9.25 1 2 . 2 2 11.32 13.97 13.79 13.63 13.59 8 . 6 8 13.61
Na,0 1.92 2.97 2 . 0 0 1.36 1.59 2.14 1.48 1.59 2.44 1.09
K,0 0 . 1 2 0.28 0 . 6 8 0.36 0.43 0.76 0.49 2 . 1 2 3.55 2.55
Total 99.18 96.21 98.33 99.30 98.87 98.49 97.93 97.56 95.94 95.83
Phase plag plag plag plag plag plag plag plag plag plag
SiOz 48.66 52.52 52.93 48.94 48.94 48.58 48.47 51.72 54.39 53.51
AhOz 31.67 29.30 28.68 31.64 31.64 31.63 32.46 29.67 27.79 28.80
TiO, ... ... ...
MgO ... ... ... ... ...
FeO ... 0.46 0.45 0.40 ... 0.55 0.38 ... 0.36
MnO ... ... ...
CrOz ...
CaO 15.02 11.90 11.46 15.24 14.93 15.02 15.62 12.43 10.44 11.17
NazO 2.71 4.55 5.01 2 . 6 8 2.69 2.79 2.38 4.08 3.89 5.04
KzO 0.13 0 . 1 1 0.19 2.57 0.16
Total 98.06 98.72 98.66 98.50 98.71 98.03 99.48 98.47 99.08 99.04
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Sample 961-1 olivine-clinopyroxene cumulate
Phase plag plag plag plag plag plag plag plag plag plag
SiO, 48.32 55.08 56.38 57.10 50.34 48.94 49.35 49.77 50.11 55.19
AijOj 33.02 28.57 28.17 27.53 31.80 32.11 31.36 32.41 32.29 28.09
TiO,
MgO
FeO 0.49 0.44 0.57 0.44 0.39 0.29 0.49
MnO
CrOz
CaO 16.04 10.85 10.37 9.66 14.71 14.97 15.02 14.90 15.10 1 0 . 6 8
NazO 2.39 5.54 5.57 6.05 3.12 2.67 2.89 2.81 3.00 5.56
KzO 0 . 1 2 0.29 0.36 0.28 0.18 0.13 0.14 0.19 0.28
Total 100.38 100.76 1 0 0 . 8 6 100.62 100.72 99.23 99.16 100.37 100.50 100.29
Phase pyx pyx olv hbl hbl hbl hbl hbl hbl hbl
SiOz 50.50 50.25 37.32 45.05 45.79 47.61 46.98 47.74 48.55 47.63
AlzOz 3.02 3.68 • • • 12.72 11.73 14.78 10.63 15.95 17.79 11.38
TiOz 0.65 0.98 • • • 0.42 0.59 0.45 0.81 0.87 0.69 1.04
MgO 14.95 15.24 37.84 16.43 13.37 9.89 13.90 9.08 7.23 10.06
FeO 7.84 8.55 22.76 12.94 9.13 6.84 9.55 6.24 4.78 6.27
MnO 0.26 0.34
CrOz
CaO 21.62 2 0 . 6 8 9.61 13.51 15.15 13.34 14.93 15.24 17.48
NazO 0.40 0.55 1.52 1.82 2 . 0 2 1.80 2.31 2.61 1.41
KzO 0.13 0.25 0.26 0.34 0.47 0.39 0.50
Total 99.24 99.93 97.92 98.82 96.18 97.00 97.69 97.58 97.28 96.04
Phase hbl plag plag plag plag plag plag pyx pyx pyx
SiOz 47.37 46.69 48.63 48.31 48.60 48.61 54.16 50.27 52.30 49.76
AUOz 8.80 32.47 31.83 31.41 31.59 31.10 27.95 3.86 2 . 6 8 3.36
TiOz 1.44 • • • 1.04 0.83 0.96
MgO 11.94 • •  • 15.19 15.89 15.03
FeO 7.97 0.41 0.42 0.45 0.39 8 . 0 2 7.64 8.34
MnO 0.27 0.28
CrOz
CaO 17.22 15.86 15.31 14.90 15.09 14.44 10.29 21.09 20.93 20.47
NazO 1.19 2.36 2.91 2.60 2.81 2.99 5.35 0.47 0.51 0.30
KzO 0.47
Total 96.40 97.79 98.68 97.22 98.50 97.59 98.14 99.94 101.06 98.49
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Sample 961-1 olivine-clinopyroxene cumulate
Phase pyx pyx pyx plag plag plag bt bt bt bt
SiO, 51.92 50.58 50.33 54.89 54.25 55.28 35.97 35.38 35.70 36.91
AiiOz 1 . 8 8 3.17 3.14 27.76 28.34 28.31 14.03 14.37 14.57 14.81
TiOz 0.36 1.18 0.84 6.59 6.80 6.24 6.75
MgO 15.00 15.47 16.04 13.50 13.57 13.63 14.50
FeO 7.55 8.64 7.15 0.41 16.39 15.49 16.66 15.49
MnO 0.44
CrOz
CaO 21.80 20.38 20.64 1 0 . 6 6 10.78 10.53
Na,0 0.37 0.58 0.48 5.45 5.39 5.33 0.33 0.23 0.19 0.29
KzO 0.29 0.16 0.18 9.90 10.09 9.63 1 0 . 1 2
Total 98.87 1 0 0 . 0 0 99.05 99.46 98.91 99.63 96.71 95.92 96.62 98.86
Sample 966-5 quartz diorite
Phase pyx pyx hbl hbl qtz kspar alb pyx hbl pyx
SiOz 52.93 52.37 53.65 48.80 97.67 63.15 60.23 51.78 53.14 50.51
AlzOz 1.33 0.83 1.71 5.60 18.15 24.67 1.51 2.08 2.67
TiOz 0.29 • • • 0.23 0.35 0.36 0.49
MgO 26.08 24.27 19.17 16.02 23.44 18.76 14.77
FeO 17.81 20.15 9.78 12.43 0.38 19.13 9.56 7.74
MnO 0.31 0.67 0.42 0.33
CrOz
CaO 1.37 1.06 10.92 1 1 . 0 1 5.97 1.24 11.63 21.27
NazO 0 . 2 0 0.19 0.27 1.07 1.28 8.26 0 . 2 1 0.40 0.50
KzO 0.16 0.52 14.93 0.26 0.16
Total 100.33 99.55 95.88 95.45 97.67 97.85 99.77 98.10 96.06 97.95
Phase plag plag plag plag plag bt bt bt bt chi
SiOz 55.51 60.17 48.80 48.31 49.74 37.38 36.74 37.00 35.89 26.42
AlzOz 26.71 23.81 30.96 31.82 30.48 13.14 12.91 13.68 13.53 17.98
TiOz 4.76 4.76 4.45 4.70
MgO • • • 14.25 13.92 13.83 13.33 18.35
FeO 0.43 0.28 0.36 16.98 16.84 16.69 16.69 22.38
MnO . . .
CrOz . . .
CaO 9.25 5.67 14.55 14.71 13.61 0.16
NazO 6 . 2 0 7.56 2.90 2.71 3.36 0.43 0.29 0 . 2 1 0.32 0.37
KzO 0.23 0.45 . . . 0.16 9.44 9.58 9.75 9.43
Total 97.90 97.65 97.63 97.82 97.71 96.38 95.04 95.91 93.88 85.66
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Table 3. Continued 
Sample 966-5 quartz diorite
Phase chi plag plag plag pyx hbl hbl qtz plag plag
SiOz 27.15 52.61 53.83 60.00 50.58 48.73 49.23 97.22 52.09 54.33
AUO3 18.38 28.31 28.37 23.99 2.13 5.28 5.35 29.36 27.64
TiOz 0.63 0.49 0.49
MgO 19.02 15.81 15.62 16.26
FeO 21.71 0.44 0.28 8.23 13.07 11.77 0.47
MnO 0.25 0.32 0.32 0.46
CrOz
CaO 11.40 10.72 6 . 2 2 19.96 11.06 11.55 1 2 . 2 2 10.27
NazO 0.41 4.83 5.15 8.04 0.42 1.04 1.08 4.57 5.38
KzO 0.38 0 . 2 2 0.29 0.41 0.51 0.18 0.31
Total 86.92 97.52 98.73 98.77 98.07 96.11 96.69 97.22 98.42 98.41
Phase
SiO,
AijOz
TiO,
MgO
FeO
MnO
CrO,
CaO
NazO
KzO
Total
plag
52.17
29.03
11.81
4.42
0.19
97.62
Sample 966-9 homblende-plagioclase cumulate
Phase hbl hbl hbl hbl hbl pyx hbl pyx pyx plag
SiOz 41.65 41.52 47.27 49.20 40.37 52.43 44.76 52.24 51.95 52.24
Al,Oj 11.95 11.42 9.30 6.46 11.65 0.89 8.67 1.25 0 . 8 8 28.74
TiOz 4.82 4.77 2.29 0.85 4.56 1.82 0.40
MgO 13.20 13.32 16.06 17.03 12J7 15.19 13.25 15.23 15.15
FeO 13.00 12.79 11.53 10.89 12.39 6.59 1 1 . 6 8 8.04 6.40 0.41
MnO
CrOz
CaO 11.36 11.15 11.62 12.55 11.32 22.76 14.28 2 2 . 0 2 22.62 11.74
Na,0 2.53 2.40 1.96 1.13 2.35 0.32 1.42 0.57 0.17 4.72
KzO 0.92 0.94 0.95 0.61 1.09 • • • • • • 0.25
Total 99.44 98.31 100.98 98.73 96.30 98.18 95.88 99.75 97.16 98.11
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Sample 966-9 homblende-plagioclase cumulate
Phase sph kspar hbl serp hbl hbl hbl hbl hbl hbl
SiO, 29.12 62.99 49.03 36.89 46.70 47.98 46.98 46.95 48.86 47.76
AiiOz 0.67 18.19 5.96 23.85 6.57 5.15 6.48 7.05 5.42 6 . 0 0
TiO, 38.33 1 . 0 0 0.89 0.90 0.81 0.77 0.71 0.87
MgO 15.96 14.29 15.12 14.49 13.94 15.58 15.27
FeO 0.55 12.50 11.91 14.18 1 2 . 2 1 13.42 12.98 12.42 13.19
MnO 0.29 0.25 0.34 0.27 0.26 0.36
CrOz ... ... ...
CaO 27.62 1 2 . 2 1 22.98 11.58 11.94 11.89 11.75 11.58 11.58
NazO 0.50 1 . 0 2 1.19 0.94 1 . 0 2 1.18 0.94 1.03
K,0 16.98 0.23 0.59 0.48 0.58 0.62 0.62 0.27
Total 96.29 98.66 98.19 95.88 96.33 94.72 95.92 95.50 96.50 95.96
Phase hbl hbl hbl hbl hbl hbl hbl hbl hbl hbl
SiO, 48.00 46.79 45.99 31.67 47.45 47.44 47.22 45.76 47.13 48.60
AlzOz 5.64 6.08 6.33 3.29 6.63 5.54 6.87 7.22 6.50 6.07
TiOz 0 . 8 6 0.85 1.04 18.21 0.77 0.72 1.06 1.03 0.83 1 . 0 2
MgO 14.88 14.41 14.28 11.09 14.35 14.62 14.35 14.06 14.22 15.11
FeO 12.59 12.64 12.91 27.91 14.11 13.33 13.15 13.81 13.77 12.85
MnO 0.37 1.19 0.39 0.37 0.38 0.30 ...
CrOz • • • • ••
CaO 11.73 11.93 11.81 7.39 11.77 11.29 11.82 11.24 11.71 11.87
NazO 1.19 1 . 1 2 1 . 1 2 0.93 1.13 0.92 1.43 1.07 1 . 1 2 1 . 2 1
KzO 0.45 0.39 0.67 0.29 0.62 0.37 0.70 0.59 0.55 0.63
Total 95.35 94.20 94.52 101.97 97.22 94.61 96.98 95.08 95.82 97.36
Phase plag plag plag plag plag plag
SiOz 52.21 57.49 55.72 53.28 57.83 58.01
AUOz 28.20 25.25 27.52 28.76 26.27 26.46
TiOz • • * • ••
MgO • •• • •• • ••
FeO 0.38 0.37 0.31 0.54 0.33
MnO >>• • •• ...
CrOz ...
CaO 11.29 7.72 1 0 . 2 0 11.48 8.43 8.43
NazO 4.73 6.94 5.49 4.81 6.60 6.73
KzO 0 . 2 2 0.26 0.37 0.27 0.25 0.50
Total 97.03 97.66 99.67 98.90 99.92 100.46
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Phase pyx pyx pyx pyx pyx pyx kspar bt
SiO, 50.23 50.92 51.71 50.43 51.40 52.16 62.87 36.29
AljOj 1.16 1.15 0.73 1.19 1.07 0.56 18.17 13.15
TiO, 0.32 0.38 0.26 0.40 ••  • 4.46
MgO 11.35 11.23 13.93 11.82 11.63 13.07 12.35
FeO 1 2 . 0 1 12.03 8.89 11.73 12.34 10.38 19.64
MnO 0.40 0.53 0.33 0.44 0 . 6 8 0.53
CrO,
CaO 21.56 20.78 22.44 21.15 2 1 . 0 1 22.35
Na,0 0.95 1 . 0 0 0.51 0.90 1 . 1 1 0.55 1.28 0.25
K,0 15.30 9.77
Total 97.99 98.03 98.54 97.92 99.64 99.59 97.61 95.90
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Table 4. Summary and comparisons of the outcomes of fractional crystallization 
simulations. Mineral compositions are from microprobe analyses (table 3), 
except magnetite. Magnetite composition is from Deer et al., 1972.
Mineral Analyses used in Calculations
Sample# 961-1 966-1 966-3166-13 966-13 966-13
whole rock /hole rock whole rock hbl olv pyx
SiO, 48.00 50.09 55.67 43.39 39.41 49.12
AliOz 14.66 16.24 19.73 11.15 4.49
FeO 15.51 15.39 8.25 8.71 16.81 6 . 0 1
CaO 13.77 7.02 7.14 11.39 0.14 21.18
MgO 10.37 4.65 2.47 16.17 43.28 15.33
NazO 1.67 4.03 3.75 2.27 0.40
KzO 0.65 2.06 2.53 0.85
TiOz 0.87 1.90 0.74 0.96 1.27
Sample # 966-9 966-9 927-4
hbl plag plag mt
SiOz 47.22 53.28 47.23 1.15
AlzOz 6.87 28.76 32.99 0.04
FeO 13.15 0.31 0.32 97.82
CaO 11.82 11.48 16.33 0 . 0 0
MgO 14.35 0 . 0 0
NazO 1.47 4.81 2.15 0 . 0 0
KzO 0.70 0.27 0 . 1 2 0 . 0 0
TiOz 1.06 1.37
Stage 1 From To Calculated Best fit is removal of:
961-1 966-1 !omposition hbl 23%
SiOz 48.00 50.09 50.55 olv 1 . 1 0 %
AlzOz 14.66 16.24 17.51 pyx 29%
FeO 15.51 15.39 15.75 plag 17%
CaO 13.77 7.02 7.17 (removal of <0 . 1 % mt is possible)
MgO 10.37 4.65 5.22
NazO 1.67 4.03 2 . 2 1 Sum of the squares
KzO 0.65 2.06 1.45 of the residuals:
TiOz 0.87 1.90 0.14 R= 10.81
Totals 105.50 101.38 1 0 0 . 0 0 Amount of solid removed:
F=70%
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Table 4. Continued.
(Best Fit)
Stage 2 From To Calculated Possible ranges of phases removed:
966-1 966-3 Zompostion hbl 5-23%
SiO, 50.09 55.67 55.18 plag 0 - 1 1 %
AliOz 16.24 19.73 19.43 mt 5.5-9%
FeO 15.39 8.25 8.56
CaO 7.02 7.14 6.54 Sum of squares
MgO 4.65 2.47 3.13 of the residuals:
NazO 4.03 3.75 4.93 for these ranges:
KzO 2.06 2.53 2.59 R<10
TiOz 1.90 0.74 2.18
Totals 101.38 100.28 102.54 Amount of solid removed: 
F= 10.5-43%
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